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INTRODUCTION
During the fiscal year 1974-75, six research projects in the
general area of structural concrete were active at Fritz Engineering
Laboratory of Lehigh University. The titles of these projects, and the
research personnel associated with each, are as the following:
1. Overloading Behavior of Beam-Slab Type Highway Bridges
i
(FL Project 378B). C. N. Kostem is project director and princi-'
pal investigator. D. A. VanHorn is faculty associate.
W. S. Peterson and S. C. Tumminelli are research assistants.
2. Evaluation of Prestress Loss Characteristics of In-Service
Bridge Members (FL Project 382). Ti Huang is the project direc-~
tor. C. S. Hsieh is research assistant. This project is
scheduled to terminated by September 30, 1975.
3. Development and Refinement of Load Distribution Provisions for
Prestressed Concrete Bea~Slab Bridges (FL Project 387).
D. A. VanHorn is project director. C. N. Kostem is principal
investigator. E. S. deCastro and M. Z. Zellin·are research
assistants.
4. Polymer Concrete in Highway Application (FL Project 390). This
project is a joint effort by the Fritz Engineering Laboratory,
the Materials Research Center and the Center for Surface and
Coatings Research of Lehigh University together with the
I-I
Pennsylvania State University. Dr. J. A. Manson is the overall
project director. W. F. Chen is the co-director in charge of
the Fritz Laboratory participation. H. Mehta and E. Dahl-Jorgensen
are research assistants.
"
5. Prestress Losses of Post-tensioned Members (FL Project 402).
T. Huang is the project director. C. S. Hsieh and P. Rimbos
are research assistants.
6. Behavior of Reinforced Concrete Column Grid Structures under
Earthquake Loading (FL Project 412). T. Huang and L. W. Lu
are project co-directors. ·A. Palomino is research assistant.
This project is started on April 1, 1975.
7. Reinforced Concrete Constitutive Relations(FL Project 414)
W. F. Chen is project director. D. Updike is faculty associate. i
'.
H. Suzuki is research associate. This project was started on
May 1, 1975.
Each of these projects was financially supported by one or more
of the following agencies: Pennsylvania Department of Transportation;
U. S. Department of Transportation, Federal Highway Administration;
Reinforced Concrete Research Council; National Cooperative Highway
Research Program; National Science Foundation; and the Energy Research
and Development Adminis t ra tion •
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Contained in this report are brief descriptions of progresses
made on these projects. Also included are lists of reports and publica-
tions related to structural concrete authored by present or former mem-
bers of the Structural Concrete Division, Fritz Engineering Laboratory,
Lehigh University.
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OVERLOADING OF BEAM-SLAB HIGHWAY BRIDGES
Cela! N. Kostem
1.1 Introduction
The reported research was undertaken to develop a scheme to pre-'
dict the overload response of simple-span beam-slab type highway bridges ~
consisting of reinforced concrete deck and prestressed concrete I-beams.
The method is a computer based simulation of the bridge superstructure
using the finite elenent technique. The bridge superstructure is con-
sidered as an assemblage of the slab and beam elements •. These elements
are also subdivided into layers to account for the initiation and the
propagation of the material nonlinearities. The basic analytical model
was developed by Wegmuller and Kostem (Refs. 6,7), the analytical develop-:
ments and comparisons for the beams were provided by Kulicki and Kostem
(Refs. 1,2), and for slabs by Peterson, Kostem and Kulicki (Ref. 3). The
methodology developed for the slabs and beams was interfaced to predict
the overload response of the superstructure by Peterson and Kostem
(Refs. 4,5).
1.2 Implementation
It is envisioned that the computer based analytical model will
be used to predict the overload response for permit operations. To unify
the decisions that may have to be reached in defining the "failure" of
the bridge superstructure, as far as the serviceability is concerned, cer-
tain criteria have been established and incorporated into the developed
1-1
computer program. As the histogram of the superstructure develops for
the increased load levels, the attainment of one or more of these criteria
gives the message to the analyst informing him that the "failure" criteria
has been reached, Le. the bridge has failed.{Ref. 5)·. However, the analy-
sis scheme and the computer program have been kept general enough to per-
mit the continuation of the analysis until the collapse of the
superstructure.
It has been observed that it is possible to group the majority
of the overload vehicles into certain categories. It is also possible to
come up with the representative bridge configiJrations. These bridges can ,
be analyzed for the predefined load configurations. The result of this
parametric study, regardless of how limited it may be, will provide a
tool whereby the permit officer can innnediately decide on the issuance,
or the declension, of the permit if the overload vehicle is similar to
one of those that has been considered and also if the bridge in question
is similar to one of the analyzed bridges. The bridges considered will
have five, seven or eight beams and span lengths of 40 ft., 70 ft. and
100 ft. They are designed in accordance with the PennDOT Bridge Specifi-
cations and BD-20l design aids. Presently five different types of
"overload" vehicles have been designated to be used in the analysis. It
is highly desirable that over a period of time the scope of the para-
metric investigation be extended to other span lengths, bridge configura-
tions, and other connnonly enco1.mtered overload vehicles.
1-2
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LATERAL DISTRIBUTION OF LIVE LOAD
IN PRESTRESSED CONCRETE I-BEAM BRIDGES
David A. VanHom
Over the past eleven years, Lehigh University has conducted a
major research program on the structural behavior of prestressed concrete
beam-slab highway bridge superstructures subjected to design vehicle load-
ing conditions. The superstructures basically consist of a number of
longitudinal precast prestressed concrete beams, equally spaced and spread
apart, along with a cast-in-place composite reinforced concrete deck slab.
The research program has included: (l) field studies of eight in-service
bridges, (2) laboratory studies of 1/16-scale model bridges, and (3) the
development of a complex mathematical computer-based analysis.
The first part of the overall research program was devoted to a
study of spread box-beam superstructures. Based on the results from the
study, a new specification provision was proposed, covering lateral dis-
tribution of live loads. This provision was adopted by AASHTO in Fall,
1972, and now appears as Article 1.6.24 in the 1973 AASHTO Standard Speci-
fications for Highway Bridges. Currently, the overall investigation is
progressing under PennOOT Research Project No. 72-4, entitled "Development
and Refinement of Load Distribution for Prestressed Concrete Beam-Slab
Bridges". The primary objectives of this investigation are:
1. To develop a new provision for .live load distribution in pre-
stressed concrete I-beam bridge superstructures, paralleling the
already adopted provision for spread box-beam bridges.
Currently, the AASHTO provisions for the prestressed concrete
I-beam bridges are listed under Article 1.3.1 of the 1973
Standard Specifications for Highway Bridges. Both field tests
and analytical work conducted in this investigation indicate the
2-1
inadequacy of the current AASHTO Specifications. Under this
first objective, two separate analyses have been conducted. The
. first analysis was based on the definition of traffic lanes as
specified in Article 1.2.6 of the 1973 AASHTO Specifications.
The second part was based on the new definition of traffic lanes
as specified under the revised Article 1.2.6 set forth in the
1974 Interim Specifications for Bridges. Separate reports are
being developed for each of the two parts. The first will pre-
sent provisions for evaluating the load distribution factors
under the now outdated traffic lane specifications. These equ-
ations will not be presented for consideration by AASHTO, but
will be available for evaluation of structures designed on the·
basis of the 1973 (and earlier) specifications. Based on the
second analysis, new specification provisions will be proposed,
based on the new definition of traffic lanes.
2. To expand the live load distribution provisions for spread box-
beam bridges (Article 1.6.24), and the proposed new provisions
for I-beam bridges, to include provisions for the inclusion of
the effects of skew.
At present, there are no provisions in the current AASHTO
Specifications to cover the effects of skew on beam-slab bridges.
Therefore, the results from the current investigation will be
used to develop provisions which will account for the effects of
skewed supports on live load distribution in prestressed concrete
beam-slab bridges.
3. To investigate the possibility of extending the analysis and
specification development to cover: (a) the effects of interior-
span diaphragms, (b) the effects of curb-parapet sections, and
(c) continuous-span construction.
In current construction practice, the typical beam-slab super-
structure would also include cast-in-place curb-parapet sections
2-2
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It is planned that the proposed new specification provisions
will be presented for consideration during the 1976 meetings of the AASHTO
Committee on Bridges and Structures. These provision will cover:
(1) live load distribution in prestressed concrete I-beam bream-slab
bridges, and (2) consideration of the effects of skewed supports on live-
load distribution in prestressed concrete be~slab bridges of the spread
box-beam and the I-beam types.
There will be five reports on this project. The first, Report
No. 387.1 entitled "Structural Behavior of Beam-Slab Highway Bridges - A
Sununary of Completed Research and Bibliography" was completed in May 1973
and has been distributed. There will be two reports developed as outlined
under Objective No. 1 (Nos. 387.2A and 387 .2B), one report under Objective
No.2 (No. 387.3), and one report under Objective No.3 (No. 387.4).
Report No; . 387.2A has just been completed. Report No. 387.2B is currently
in preparation. Reports Nos. 387.3 and 387.5 will be prepared during the
summer and fall. All reports will be distributed upon completion and
approval by the sponsoring agencies.
on· one or both edges of the slab, and cast-in-place end and
interio~span diaphragms. The diaphragms, which are usually cast
before the slab concrete is placed, and the curb-parapet sec-
tions, which are usually cas t after the slab concrete has been
cured, are not considered to affect the live load distribution.
However, the analytical studies and the field tests have indi-
cated that these elements do have an effect on the load distribu-
tion. Therefore, this investigation includes an evaluation of
the extent of these effects, and will provide a basis for decid-
ing on the feasibility of further refining the load distribution
provisions to include these effects. In addition, continuous
span structures will be analyzed to determine the possibility· of
a need for separate provisions which apply to continuous span
construction.
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1.6.____ I-BEAMS
(A) Lateral Distribution of Loads for Bending Moment*
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2NL ~LS) 1/3D.F. =-+kNB
(:~)1=9where k
(1) Interior Beams
The live load bending moment for each interior beam in
an I-beam superstructure shall be determined 'by applying to
the beam the fraction (D.F.) of the wheel load (both front
and rear) determined by the following equation:
NL = number of design traffic lanes (as defined inArticle 1.2.6 of "Interim Specifications -
, Bridges - 1974")
NB = number of beams (4 ~ NB ~ 16)
S = beam spacing, in feet (4.50 < S ~ 10.25)
L = span length, in feet (30 ~ L ~ 150)
Wc = roadway width between curbs, in feet (24 ~ Wc ~ 72)
The provisions of Article 1.2.9, Reduction in Load Intensity were not
applied in the development of the provisions presented in (1) and (2)
above.
The following presentation covers the new specification provi-
sions which have been developed for live load distribution in prestressed
concrete I-beam bridge superstructures (Objective No.1). Pending ap-
proval by the sponsoring agencies, these provisions will be submitted for
presentation at the 1976 regional meetings of the AASHTO Committee on
Bridges and Structures. A complete description of the analytical work
which forms the basis for these provisions, and the development of the
prOVisions, will comprise Report No. 387.2B. Only the proposed provisions
will be presented in this report, as follows:
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(2) Exterior Beams
The live load bending moment in the exterior beams shall
be determined by applying to the beams the fraction (D. F.)
of the wheel load (both front and rear) determined by the
following equation.
2NL 2 ( SL}1/3D. F. =- + -5 - kNB NL
1 (WNBC )where k = 11
and NL, NB , S, L, and WCare defined under (1) above.
For comparison, the provisions for prestressed concrete spread
box beam superstructures are given below, as they appear in "Standard
Specifications for Highway Bridges - 1973".
1.6.24 BOX GIRDERS
(A) Lateral Distribution of Loads for Bending Moment*
(l) Interior Beams
The live load bending moment for each interior beam in
a spread box beam superstructure shall be determined by
applying to the beam the fraction (D. F.) of the wheel load
(both front and rear) determined by the following equation:
2NL SD.F. =-+k-NB L
where NL = number of design traffic lanes (as defined as Nin Article 1.2.6)
NB = number of beams (4 ~ NB ~ 10)
S = beam spacing, in feet (6. 75 ~ S ~ 11.00)
L = span length, in feet
* The provisions of Article 1.2.9, Reduction in,Load Intensity, were not
applied in the development of the provisions presented in (1) and (2)
above.
2-5
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k = 0.07 W - ~ (0.10 ~ - 0.26) - 0.20 N
B
- 0.12
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(0.25 - i)1S - 0.45D.F. =
= 0.3 (We - W . )
mn
= 4.7 NB
NL = number of design traffic lanes (as defined in
Article 1. 2.6 of "Standard Specifications for
Highway Bridges - 1973")
NB = ntmlber of beans (3 ~ NB ~ 17)
S = beam spacing, in feet (4.00 ~ S ~ 10.83)
L = span length, in feet (30 ~ L ~ 150)
= roadway width between curbs, in feet (20 ..$. We ~ 78)
= minimtml curb-to-curb width which qualifies as an
NL design lane bridge, in feet
(1) Interior Beams
(2) Exterior Beams
The live load bending moment in the exterior beams shall
be determined by applying to the beams the reaction of the
wheel loads obtained by assuming the flooring to act as a
simple span (of length S) between beams, but shall not be
less than 2NL /NB•
W = roadway width between curbs, in feet (defined as
We in Article 1.2.6) (32 ~ W~ 66)
where y
S
It is emphasized that the proposed new specification provisions
for I-beam bridges are based on the definition of traffic lanes as set
forth in "Interim Specifications - Bridges - 1974". Prior to the adoption
of the 1974 definition, the analytical work had been completed and pro-
posed new provisions had been developed, based on the "Standard Specifi-
cations for Highway Bridges - 1973". Although these now outdated provi-
sions will obviously not be presented to AASHTO, a complete description
of the analysis and development will be given in Report No. 387.2A. The
provisions are presented as follows:
2-7
(2) Exterior Beams
where Sand L are defined under (1) above
S 1
D. F. = 10 + 750 + 0.10
*****
A summary of the specification provisions whiCh cover the ef-
fects of skewed supports on distribution of live load (Objective No.2)
will be covered by Dr. Kostem in another presentation.
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LATERAL LOAD DISTRIBUTION IN SKEWED I-BEAM BRIDGES
Celal N. Kostem
3.1 Introduction
Skewed simple span bea~slab bridges consisting of reinforced
concrete deck and prestressed concrete I-beams are one of the most com-
monly used bridge superstructures in practice. They are usually designed
by neglecting the-skew, i.e. designing the equivalent right bridge. The
current specifications do not contain any provisions for the design of
skewed bridges, thus their design as an equivalent right bridge has been
a commonly accepted practic~ (Ref. 1). Field tests of skewed bridges and
limited analytical studies conducted elsewhere have confirmed that the
behavior of skewed bridges is quite different as compared to right bridges.
Consequently it can be concluded that the design of skewed bridges as
right bridges is not realistic. The differences observed in the lateral
load distribution in right and skewed bridges has not been marginal
(Ref. 5). The objective of the reported study is the definition of the
lateral load distribution factors for skewed simple-span bridges with pre-
stressed concrete I-beams.
3.2 Method of Analysis and Pilot Studies
The investigation employed the computer simulation of the bridge
superstructures using the finite element method (Ref. 3). Since the design
parameters that are of importance in the lateral load distribution in these
3-1
bridges were not ascertained, a pilot study was undertaken to identifY
the parameters (Refs. 2,5). The study indicated that span length, spac-
ing of the beams to span length ratio, curb-to-curb width to span length
ratio and the skew angle are the critical parameters that must be consid-
ered in the development of distribution factor formulae.
3.3 Design of the Experiment
The field and laboratory tests of a very limited number of
bridges had given information for the lateral load distribution for the
bridge of given configuration. However, since it was necessary to develop
design provisions that may be applicable to bridges of various configura-
tions, it then became necessary to have the computer simulation of numer-
ous bridges that will encompass the common bridge configurations encoun-
tered in practice. The simulation of the bridge superstructu~es was
undertaken by Program SKBRD (SKew BRiDGe). The bridges were designed in
accordance with PennDOT's 00-201 Design Aids. A total of thirty bridges
were designed. These bridges are indicated in Table 1. To account for
the effect of skew, these bridges were analyzed.having the skew of 90°.
60°, 45° and 30°. The bridges with 90° skew, i.e. the right bridges,
,
,.
provided the base values. The deviations in the lateral load distribu-
tion were compared against the base values to assess the effects of the
skew. The definition of various design parameters can be seen in Fig •. 1.
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3.4 Loading and Determination of the Distribution Factors
The vehicular loading considered was HS20-44 standard design
vehicle as defined by the AASHTO Specifications (Ref. 1). The location
of the vehicles as well as the definition of the design lane widths were
in compliance with the current AASHTO Specifications. Longitudinally the
design vehicle was located at the skew midspan of the bridge, and various
solutions were obtained for various lane locations by moving the vehicle
in the transverse direction. These solutions resulted in moment coeffi-
cients, which in turn, through algebraic manipulation, resulted in influ-
ence lines for the beams of the bridges (Ref. 4). Furthe~ manipulations
with the influence lines resulted in distribution factors for the interior
and exterior beams of the bridges. The detailed treatment of the opera-
tions carried on can be found in Ref. 5.
Table 2 contains the maximum distribution factors computed for
the interior beams of the bridges presented in Table 1. Table 3 contains
th~ maximum distribution factors computed for the exterior beams. It
should be noted that in the determination of the maximum distribution
factor, regardless of the width of the bridge, the bridge was subjected
to a different number of vehicular loads, as long as the width permitted
the multiple vehicles. Depending upon the location and the number of
lanes, multiple distribution factors were obtained for each beam. The
distribution factors presented in Tables 1 and 2 correspond to the abso-
lute maximum values corresponding to interior and exterior beams.
3-3
factor for the interior beams.
3.5 Distribution Factor Formulae
Skew factor can be expressed as
investigation-resulted in the following formula for the distribution
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DF", = DF (S.F.)_
'I' 90
The distribution factors presented in Tables 2 and 3 for the
S.F. " 1 - (0.45 i + 0.02 :c ) cot2$
ep = skew angle (in degrees)
S = beam spacing
L = span length
determine lateral load distribution formulae (Ref. 5). The statistical
bridges presented in Table I were subjected to statistical analysis to
where DFep = distribution factor for the interior beam of the bridge
with skew angle ep
DF = distribution factor for the interior beam of the equiva--
90
lent bridge without skew
S.F. = skew factor
where
For exterior bealIB the distribution factor formula 1s fotmd to be
DF", = DF (S.F.)
'I' 90
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The definition of DF"" DF , and S.F. are anologous to those
'+' 90
defined above for the interior beams. The skew factor is expressed as
4' - 6" ~'S ~ 9' - 0"
48' - 0" ~ L ~ 120' - 0"
30° ~ ~ ~ 90°
Even though the equations may very well be applicable to bridges where
one or more of the design limitations are outside the range defined above,
this has not been numerically proven.
0.12 ) cot~SLS.F. = 1 - 0.50 (
The above equations have the flexibility to be applicable to
various formulae that may be used for the lateral load distribution for
right bri<;}ges, provided that the vehicular loads and the lane width
definitions are in compliance with the current AASHTO Specifications
(Ref. 1).
It can be noted from the expression for the skew factor for the exterior
beam that for certain bridge configurations there may be an amplification,
rather than a reduction because of the skew.
In the development of the above equations the bridge configura-
tions were limited to those commonly encountered in practice. Thus, in
view of the limits imposed on some of the parameters in the design of
the above referred to bridges, it will be prudent to asslUUe that the
above equations are applicable provided that the following conditions
prevail
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The effect of skew on the distribution factor for interior and
exterior beams can be seen in Figs. 2 and 3 respectively. The abcissa of
these figures is the skew c:1ngle from 90° (right bridge) to 30° and the
ordinates are the DF",/DF o ' As expected for the skew of 90° the curve
'I' 90
passes through 1.00. As the skew angle decreases a number of distribu-
tion fac tors ratio curves can be developed for various bridge configura-'
tions. The bridges investigated in this study (Table 1) can be enveloped
by the solid curves indica ted in bo th figures. The shaded area corres-
ponds to the region where various distribution factor ratio curves are
located.
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I TABLE 1
I LIST OF BRIDGES ANALYZEDBridge Number
No. Width of Beams Spacing Length Beam Size S/LI (ft.) (in.) (ft.)1 24.00 6 57.60 120.00 AASHO-VI .0400
I 2 24.00 6 57.60 72.00 24/42 .06673 24.00 6 57.60 38.40 . 20/30 .1250
I 4 24.00 5 72.00 120.00 AASHO-VI .05005 24.00 5 72.00 60.00 20/39 .1000
6 24.00 5 72.00 42.00 20/30 .1429
I 7 24.00 4 96.00 120.00 AASHO-VI .0667
8 24.00 4 96.00 64.00 24/45 .1250
I 9 24.00 4 96.00 40.00 20/30 .2000
10 48.00 11 57.60· 120.00 AASHO-VI . .0400
I 11 48.00 11 57.60 84.00 24/48 .057112 48.00 11 57.60 48.00 20/30 .1000
I 13 48.00 9 72.00 ln~ nfl 28/63 ~O571..-..,.--14 48.00 9 72.00 60.00 20/39 .1000
I 15 48.00 9 72.00 42.00 20/30 .142916 48.00 6 115.20 96.00 AASHO-VI .1000
I 17 48.00 6 115.20 57.6Q . 24/45 .. 166718 48 •.00 6 115.20 48.00 20/33 .. 2000
19 72.00 16 57 .. 60 120 .. 00 ASSHO-VI .0400
I 20 72 ..00 16 57.60 57.60 20/36 .0833
21 72.00 . 16 57.60 38.4.0 AASHO-I .. 1250
I 22 72.00 14 66.50 110.80 AASHO-VI .0500
23 72.00 14 66.50 66.50 24/42 .0833
I 24 72.00 14 66.50 38.80 AASHO-I .142925 72.00 12 78.50 114.. 50 AASHO-VI .0571'
I 26 72.00 12 78.50 65.50 24/42. .1000.27 72.00 12 78.50 39.30 20/30 .. 1667
I 28 72.00 9 108.00 108.00 AASHO-VI .. 083329 72.00 9 "108.00 54~00 24/42 ,.. 166'7
I 30 72 ..00 9. 108.00 45.00 24/36 ~2000
I
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MAXnruM DISTRIBUTION FACTORS - EXTERIOR BEAMS
-" Bridge NUMBER OF. LOADED IANES AND SKEW ANGLE
No. *NL ***NLL 90 0 NLL 600 NLL 45° NLL 30°
I 1 2 2 .69 2 .70 2 .70 2 .722 3 2 .67 2 .67 2 .67 2 .64
I 3 2 2 .56 1 .57 1 .57 2 .584 2 2 .80 2 .81 2 .82 2 .83
I 5 2 2 .75 2 .77 2 .78 2 .736 2 2 .73 2 .73 2 .72 2 .62
7 2 2 1.01 2 1.02 2 1.02 2 1.01
I 8 2 2 .95 2 .95 2 .94 2 .88
9 2 2 .87 2 .87 2 .86 2 ~74
I 10 4 2 .71 2 .72 2 .73 3 ~73
11 4 4 .68 2 .68 2 .68 4 .65
I 12 4 1 .62 1 ..61 1 .61 2 .59
13 4 2 .83 2 .83 2 .84 4 .83
I 14 4 2 .78 2 .76 2 .76 4 .7015 4 2 .72 2 .74 4 .71 4 ..62
I 16 4 2 1.10 2 1.10 2 1.11 4 1.0917 4 2 1.02 2 1.01 2 1.00 4 092
I 18 4 2 1.08 2 1.03 4 .99 4
.85
19 6 2 .70 2 .71 2 .72 3 .72-
20 6 6 .65 2 .64 2 .63 2 ~58
I 21 6 1 .61 1 .60 2 .60 2 .53
22 6 2 .78 2 .78 2 .79 2- .78
I 23 6 2 .74 2 .72 2 .73 2 ~67
24 6 1 .68 2 .66 2 .67 '6 .58
I 25 6 2 .88 2 .89 2 .91 3 .91
26 6 -2 . .83 2 .85 2 .86 6 .80
I 27 6 1 .74 2 .75 2 .75 2 .6328 6 2 1.09 2 1.10 2 1.11 3 1.09
I 29 6 2 .97 2 .96 2 .95 6 .8630· 6 2 .•95 .. 2 .93 2 •91 6 .80 .
* .I Number of Lanes**Number of Loaded Lanes 3-9
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LATERAL LOAD DISTRIBUTION IN SKEW SPREAD BOX-BEAM BRIDGES
Celal N. Kostem
4.1 Introduction
The investigations carried out at Lehigh University have resulted
in refined lateral load distribution provisions for simple span spread
box-beam bridges without skew. These provisions were adopted by AASHTO
(Ref. 1). The reported investigation was undertaken to assess the effect
of skew on load distribution, and more specifically, distribution factors,
for the above referred to bridges (Ref. 2). This study employed the com-
puter simulation of the bridge superstructures using the finite element
method.
4.2 Design of Experiment
To cover the commonly encountered bridge configurations,
eighteen bridges were designed to be used in the analysis (Table 1). The
vehicular loading considered was AASHTO HS20-44 design vehicle. The skew'
angles were modified for the listed bridges from 90°, 60°,45° and then
to 30°. In view of the substantial computational effort required for
each loading case for each bridge, the analyses were carried out for the
loading cases whereby all the lanes were simultaneously loaded. The
pilot studies conducted on I-beam and spread box-beam bridges have indi-
cated that simultaneous loading of all the lanes as opposed to loading of
the bridges by one, two or more lanes (as many as the width permits) may
introduce a small amount of error.
4-1
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4.3 Distribution Factors
The effect of skew on the distribution factor can be seen in
Fig. 1. The abcissa of the figure contains the skew angle and the ordi-
nate is the ratio of the maximum distribution factor for skewed bridge
divided by the corresponding right bridge. The figure contains two
curves, which indicates the envelope of the distribution factor ratio
for the bridges investigated in the reported study.
Table 2 contains the distribution factors obtained for different
bridges of various skew angles. Table 3 contains the distribution factors
for the exterior beams. The data contained in Tables 2 and 3 has been
statistically analyzed to obtain an equation that will be representative
of the distribution factor phenomenon. The equation developed for the
interior beams predicts the distribution factor conserservatively;
I
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S F = 1 _ 50 cot P
• • L + 64
DF~ = DF (S.F.)
'I' 90
DFep = distribution factor for the interior beam of a right
bridge with the same spacing and span length
L = span length of the bridge (ft.)
ep = skew angle in degrees
S.F. = skew factor
DF = the distribution factor for the interior beam of the
90
bridge with the skew angle of ep
where
where
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In the conduct of the investigation, in view of its pilot
nature, a rather pragmatic loading scheme was used, that is, simultaneous
loading of all the lanes. However, a loading as such results in an ad-
verse condition for the interior beams but not necessarily for the edge
beams. Therefore no attempt was made to develop the distribution factor
formulae for the exterior beams. The design of the exterior beams as if
no skew exists may provide a reasonable design approach as far as the
available data indicates.
REFERENCES
1. American Association for State Highway and Transportation Officials,
STANDARD SPECIFICATION FOR HIGHWAY BRIDGES, 1973, and STANDARD
SPECIFICATIONS FOR HIGHWAY BRIDGES - INTERIM SPECIFICATIONS,
1974, Washington, D.C.
2. deCastro, E. S. and Kostem, C. N.
LOAD DISTRIBUTION IN SKEWED I-BEAM AND BOX-BEAM BRIDGES,
Fritz Engineering Laboratory Report No. 400.19, Lehigh
University, July 1975.
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PRESTRESS LOSSES
TiHuang
5.1 Introduction
The study of prestress losses in prestressed concrete members at
Lehigh University was started in 1966, project FL 339, (PennDOT Research
Project 66-17)0 Simple laboratory-stored specimens were used to establish
the elastic, shrinkage and creep properties of the concrete materials as
well as relaxation properties of the prestress strands. From these
material characteristics, a basic procedure was developed for the estima-
tion of prestress losses at any time during the service life of a preten-
sioned structural membero A second project (FL 382, PennDOT Research
Project 71-19) was started in 1971. It involves a field study and is aimed
at evaluating the previously developed prediction method. A third project,
(FL 402, PennDOT Research Project 743) was started in May 1974 for the
purpose of extending the previously developed procedure to cover post-
tensioned and pre-post-tensioned memberso In addition, several parameters
not previously considered are to be also studied and their effects incor-
porated into. the basic procedure in order to increase its usefulness to
design engineerso
5.2 Basic Concept and Procedure
5.2.1 Definitions
Prestress is defined to be the stress when all external loads,
including the members' own weight, were imaginarily and temporarily re-
moved 0 Thus, the direct elastic stresses caused by the external loads
are excluded from prestress, but the long term effects of sustained loads
5-1
are included. Also following this definition, the material stress in a
member at any time is equal to the sum of the prestress and the stress
caused by the applied loads.
The loss of prestress is estimated with reference to the ten-
sioning stress in steel just before anchoring. For, pretensioned fabrica-
tion, the frictional and anchorage losses are generally negligible, and the
reference datum may be taken as the steel stress immediately after anchor-
ing to the prestressing bed. For post-tensioned construction, losses due
to friction and anchorage slippage are substantial, and must be properly
estimated and included in the total losses. In cases where post-tensioning
is done sequentially, the initial tensioning stress in all tendons does not'
occur at the same time. The reference datum for prestress losses corres-
ponds 'then to an imaginary state when all steel were stretched to the
average tensioning stress.
5.2.2 Basic Procedure for Pre tensioned Members
The basic procedure for estimating prestress losses in preten-
sioned members was developed by the linking of the stress-strain-time
relationships of the two materials - concrete and steelo The concrete
relationship expresses the concrete strain as the sum of three components,
elastic, shrinkage and creep. The steel relationship shows the steel
s~ress as the difference between the instantaneous stress and the decrement
due t~ relaxation. These two material characteristic relationships are
linked by the compatibility conditions of time and strain, and the,~tatic
equilibrium between internal and external forces. A basic assumption of
linear strain distribution is made. These relationships are then suffi-
5-2
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ents.
coefficients 0
bo Characteristics of steel: Elastic and relaxation coeffici-
= .Area of prestressing steel
.e 2)
+ ---AI g
1
Ag
1B=
where: Aps
A ,e,I = Area, eccentricity and moment of intertia,g g g
respectively, of the gross concrete section
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5.2.3 -Implementation
The basic procedure was used in an extensive parametric study,
The basic parameters which control the prestress loss in a pre-
a. Characteristics of concrete: Elastic, shrinkage and creep
do Initial steel tensile strain k2 or alternately the initial
tensioning stress fslo
eo A dimensionless parameter designating degree of prestresso
·Co Transfer time~: The time interval from initial tension-
ing (and anchoring) to transfer of prestresso
f o Concrete fiber strain f
ct ' caused by all long term loads
(gravity, lead and sectional live loads) at the cog.so level 0
developed 0 This simplified procedure was reported to the AASHTO Committee
and a simplified procedure, suitable for usage in design offices, was
tensioned member are listed below:
cient for a direct and complete solution of stress and strain conditions
at anytime during the membervsservice lifeo
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
on Bridges and Structures in 1973, and was incorporated in the 1975 Interim
Specifications of that Association~More recently, theliasic concept used
in the procedure was presented at the annual meeting of the Transportation
Research Board in January 19750
A computer program PRELOC was used in the development of the
prediction procedureo This program is being simplified so that it may be .
convenient1yinc1uded'into larger programs for the design of prestressed
concrete memberso Input and output formats are being clarified to suit
the designer's needo Several options were originally included in the
program for development purposes. These options are being removed as
they are of no use to the designerso On the other hand, new options are
being added to cover additional parameters not previously considered.
These are further discussed in Section 6.5
5.3 Field Evaluation
5.3.1 Objectives
The primary purpose of Project FL 382 is to evaluate the pre~
stress loss calculation procedure developed in Project FL 339 against the
behavior of bridge members under an out-door in-service condition, and to
adjust the procedure if necessaryo Secondary objectives include the
determination of effect of the usage of ~" prestressing strands and the .
low-relaxation stabilized strandso
5.3.2 Long; Term Concrete Strains
-The field work of this project was done on an experimental
bridge-at the Pavement Durability Test Track near State College, Penn-
5-4
I
1
1
1
I
I
I
1
I
1
I
I
1
1
I
1
1
I
'I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
sylvania 0 The superstructure of the bridge consists of PennDOT standard
20/33 pretensioned I-beams spaced at 6'_10' supporting a deck slab of
7~" nominal thicknesso Concrete strains at various elevations on the
bridge beams were measured over a period of approximately three years, and
compared with predictions based on the basic procedure previously developed
in project 3390 Measurements on prestressed and unprestressed control
,
specimens were made to identify the several main components of the pre-
stress 10sso Examination of the measured results shows the following:
1) There is no significant difference between members containing
stabilized strands and those, containing stress-relieved strands,
although the loss in the former is slightly less. This is a conse-
quence of the very heavy prestress in the member (S = 50.5).
2) The concrete strain distribution across the depth of the
member remained approximately linear throughout the timeo This veri-
fies the basic assumption used in the original development periodo
3) The long term concrete strain ateog.s. line, estimated
from the measured strains according to the linear relationship,
agreed well with the predicted values based on the procedure developed.
in Projo 66-170 This is particularly true before the casting of
concrete decko
4) The agreement between measured and predicted concrete long
term strains was not improved by allowing for lesser shrinkage in
view of higher relative humidity at the bridge site (as compared to
the laboratory environment). It is suspected that other environmental
conditions beside relative humidity, such as wind velocity, may have
a significant effect on the shrinkage behavior of concrete.
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5) The ,agreement was improved by a refinement to the prediction
procedure, reflecting the application of deck load at a time after
prestress transfer. This point will be discussed further in Section
5.3.3 Refinement of Prediction Procedure
In the original procedure, the long term effect of aLl applied
I
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loads are treated as if the loads were acting from the time of transfer.
For a load which is applied later, this treatment resulted in a abrupt
decrease of prestress loss at the time of app1icationo To correct this
inconsistency, an additional term is added to the concrete characteristic:
Sc = Clfc + [Dl + D2 log (tc + l~
+ [El + E2 log (tc + 1~+~3 + E4, log (tc + l)J f c
- E4[ log (tc + 1) log (tc +1 - ~)] f),fc
where f),f = increment of concrete fiber stress applied at
c
time t = t compression positive
c 5'
The computer program PRELOC has been modified to use the new
concrete expression for time t
c
>t s' with an added subroutine to evaluate
the proper value of ~f from known material and member properties and
c
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the new and the original procedureso It is felt that for practical
loss continues to grow, and there is no substantial difference between
the applied 10adso As intended, the modified program eliminated the dis-
I
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the delayed response of concrete to ~f causes a temporary
c
It also revealed that, for a short period of time after load
application,
slight gain in prestresso For longer, periods of time, however, prestress
continuityo
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purposes, the prestress loss may be treated as remaining constant over a
period b.T following the load application. An empirical expression has
been developed for the estimation of b.T as a function of the stress incre-
ment b.f
c
' the prestressing parameter S, and the time of application t 5 0
This time b.t can be easily incorporated into the simplified procedure
previously presented to AASHTO.
5.3.4 Secondary Studies
During the fabrication of the pretensioned main beam members,
measurements were made on the strand tension and the concrete strain
along the eogeso line immediately upon transfer. The following observa-
tions were made based on the measurements:
(1) The loss of tension in steel due to the elevated curing
temperature was practically completely recovered after curing
was endedo The net stress decrease before transfer was con-
sistent with the predicted relaxation loss over the time inter-
vale Further discussion is given in Section 5.
(2) A transfer length of approximately 30 inches is needed for
the ~" strands to develop the initial prestress after transfer o
This distance is consistent with the current recommendations by
AASHTO.. and ACl o
(3) There is no significant difference in the bonding and
development characteristics of the stress-relieved and stabil-
ized strands.
·5.,..7·
5.3.5 Overload Testing of Bridge Deck
As originally planned, the experimental bridge is to be tested
until un-serviceable by progresively heavier overloads. This phase of the
test, carried out under PennDOT Research Project 71-8 by researchers from
Pennsylvania State University, started in August of 1974 and was termina-
ted in April of 19750 The final vehicular load was approximately 280 kips
for two tendon axles, or nearly nine times the rear axle load of the
standa=d HS20-44 10adingo Although substantial cracking has developed in
the deck structure, no flexural cracking was detected in the longitudinal
beams. As a consequence, a hoped-for direct determination of the remain-
ing prestress in these beams was not available, and no independent meas-
ure of the prestress losses was obtainedo
5.4 Post-Tensioned Members
The primary objective of project 402 is to extend the usefulness of
the previously developed procedure to cover post-tensioned andpre-post-
tensioned memberso A preliminary study has indicated that such exten-
sions are feasib1eo Several changes in the original procedure will be
needed, as the following:
(1) Initial prestress: As mentioned in Section 201, the initial
prestress in a post-tensioned member, when sequential tensioning·
is used, refers to an imaginary stateo The "initial prestress"
is defined as the overall average of the.stresses to which
each individual tendon is stretched before anchoringo As each
tendon absorbs elastic loss as subsequent tendons are stretched,
5-8
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the total prestress force in the member never reaches the level
reflected by the imaginary initial value.
(2) Time compatibility: In post-tensioning the time variable
controlling creep is essentially the same as that controlling re-
laxation of steel. Both are less than that controlling shrinkage~
In recognition of these, both the concrete characteristics ex-
pression and the time compatibility linkage equation are changedo
Sc =Clfc +[Dl +DZ lOg(tc +1»)
+[El + E2 log (tcr + 1)] + rE~ + E4 log (tcr + 1)1 f c
and t = t = t -k
cr s c 3
k3 = Age of concrete at post-tensioning.
(3) Strain Compatibility: The strain compatibility linkage is
considerably complicated because of the imaginary nature of the .
initial prestress stateo Upon the completion of post-tensioning,
the average steel stress is lower than the "initial prestress",
but the difference is more than made up by the elastic strain in
concrete at this time. In addition, the shrinkage strain
occuring before post-tensioning would have no effect on prestress
10sso These effects are taken into consideration by modifica-
tions to the strain compatibility relationship as following:
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conclusiono
5.5 Effect of Thermal Excursion
procedure, account must also be given to the losses due to
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f3 +A
a- +yA
= k2
•
A = ~odular ratio
•k4 = strain compatibility parameter
y = Reduction factor for elastic loss, varying
from 0 for single step post-tensioning
to 005 for tensioning in infinitely many stepso
where
As a part of project 402, a pilot experimental study was made on the
these into the overall procedure is still pending.
(4) In addition to the foregoing modifications to the original
friction and anchorage slippageo Theoretical bases are ~vail-
able for the estimation of these losses. The incorporation of
The pilot test specimens were 4 ino x 4 ino x 10 fto in dimensions,
recovery of thermal relaxation of steel tensile stress after the end of
tested in the pilot study, additional tests will be needed to reach a firm
382 indicated an almost complete recoveryo Experiments specially designed
curing0 In Section 304, it was pointed out that observations in project
to test that observation is included in project 402. Two specimens we~e
well greased metal plate was placed at mid-length of the specimen g ~ffec-
centrally prestressed with one ~ ino seven-wire pretensioned strand. A
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
tively elfminating any tensile stress capacity in the specimen at this
sectiono After transfer of prestress, direct tension was applied to the
specfmen until separation occurred at the center plate, indicating the
neutralization of precompression in concreteo The occurrence of separation
was detected by strain gages near the mid-plane and clip gages mounted
across the middle plateo These sensing devises proved to be sufficiently
sensitive in detecting the change of member behavior upon separation•
. However, the results from the two pilot tests differed considerably.
Some difficulties were experienced in placing the metal plate, and the
partitioning of specimens was not complete~ This was believed to contri-
bute to the inconclusive test results. Nevertheless the feasibility of
the basic test concept has been demonstrated, and improved tests in the
future are expected to yield more conclusive resultso
5~ll
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POLYMER-IMPREGNATED CONCRETE FOR HIGHWAY AND STRUCTURAL APPLICATIONS
W. F. Chen
6.1 Introduction
Of the many new composites, polymer-impregnated concrete (PIC)
is one of the most interesting and potentially useful in engineering
applications. Previously-cured concrete is impregnated with monomer,
which is then polymerized within the pore system to give a composite
comprising two interpenetrating networks--polymer and cement. Work at
the Brookhaven National Laboratory and the U.S. Bureau of Reclamation
has demonstrated that PIC composites show remarkable mechanical proper-
ties and corrosion resistance. These results have been confirmed by
studies of PIC at Lehigh University and the Pennsylvania State Univer-
sity as well as in other laboratories.
Because PIC effectively resists penetration by water and
salt solutions, several research programs have been initiated to apply
PIC technology to highways, in particular, to bridge decks, in which
the corrosion of steel reinforcing rods by deicing salts is a multi-
million-dollar-problem. In addition, since PIC is several times stronger,
stiffer, and tougher than concrete, it is of potential interest for
structural applications, e.g., in buildings. In fact, by combining a
cheap raw material cement with a small amount of a plastic, we can get
high performance per energy input during manufacture.
Technological progress requires, however, the solution of
certain fundamental problems. For example, successful impregnation of
salt-contaminated bridge decks in the field to a depth sufficient'to
immobilize the salt already present required basic knowledge of drying,
6-1
In the program of research and development conducted (mostly
jointly) by this interdisciplinary and inter-university group, two
practical problems, the deep field impregnation of highway bridge decks
and the control of ductility in PIC have been at~acked,and solved (at
least in principle) by solving in turn the underlying basic problems.
Based on the earlier work in the laboratory mentioned, and on our own
subsequent studies, principles were developed in the laboratory for the
deep impregnation of bridge decks in the field, and for tailor-making
PIC's of different mechanical properties.
6.2 Major Findings of Fundamental Problems
(i) the rate of penetration exhibits a capillary-rise rate law,
i.e., a dependence on (time)~, but a linear dependence on
applied pressure. This implies that impregnations under
pressure will be highly beneficial in reducing the process
time and hence the cost.
(ii) for satisfactory impregnation, relative humidity in the pores
must be reduced to not more than lO%--the drying following a
~-power dependence on time, and
(iii) conventional polymerization techniques may be used (as noted
by others).
6-2
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(iv) that the stress-strain behavior is very much a function of the
thermodynamic state of the polymer.
By applying these principles, it has been possible to achieve
5 to 6" impregnation of a salt-contaminated bridge deck, and to prepare
PICs whose mechanical behavior and fracture characteristics can be
tailored to range from strong but brittle to tough and ductile. In
addition, the role of polymer in inhibiting corrosion of underlying
steel has been clearly demonstrated. Results should be useful in the
selection of PIC for particular purposes.
6.3 Major Findings of Bridge Deck Applications
The major research finding described herein is that the field
impregnation of structurally sound, salt-contaminated concrete bridge
decks with polymer to a depth of 4 in. (2.54 em) is technically fea-
sible. Following prelinimary small-scale field trials in two different
locations using two drying methods and two impregnation methods, the
most promising combination was selected and demonstrated in three
larger-scale trials. The techniques and principles used are applicable
to commercial-scale application, and although the equipment used was
smaller than that proposed for commercial-scale applications, it can
be scaled-up readily. The specific findings for the various research
area~ are detailed below.
Monomer Selection·
All field trials used a 90:10 methyl methacrylate-trimethylol-
propane trimethacrylate mixture containing 0.5 percent azobisisobutyroni~
trile initiator. Despite the flammability and vapor pressure of this
6-3
monomer mixture, it was handled safely without hazard in the field
trials. It is likely that any other monomer system produced by future
research can also be handled safely, provided its physical, chemical,
fire hazard, and health hazard properties are known.
Drying Methods and Criteria
Concrete can be impregnated with monomer to any desired depth
provided it is dried to that depth. The time required for drying
depends on the heating rate and surface temperature attained.
In order to achieve impregnation to the specified depth, the
concrete must be heated until the temperature at the specified depth is
2300 F (IOOoC). The application of heat to the surface of the concrete
must not permit surface temperatures to exceed 5000 F (2600 C) during
the first hour and must never exceed 6750 F (3570 C). Gas-fired infrared
heaters were found to be the most efficient means of drying the concrete,
although torches may also be used.
Impregnation Methods and Criteria
Field impregnations of dried 'concrete substrates have been
carried out at atmospheric and greater-than-atmospheric (30 psig
[206.85 kPaJ) pressure. Since the time required for impregnation varies
directly with the square of the desired depth of impregnation and invers-
ely with the square of the applied pressure, pressure impregnations are
preferred for field use. A pressure-impregnation chamber covering a
3-ft x 12-ft (0.91-m x 3.66-m) area was developed and used for the field
impregnations.
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Polymerization
The 90:10 methyl methacry1ate-trimethy10lpropane trimethacry-
late mixture containing 0.5 percent azobisisobutyronitrile was polymer-
ized in situ to high conversions at 1580F-1850F (700C_800C). Theheat-
ing was accomplished by pumping hot water through the pressure impreg-
nation chamber.
Effect of Roadway Surface Contaminants
Salt contamination in the concrete substrate was found to
decrease the drying rate, impregnation rate, and overall monomer
loading,but not to such an extent that the feasibility of the method
was affected. Polymer impregnation immobilizes the salt in the concrete
matrix and thus lessens its corrosive effects. Organic surface contam-
inants are removed by high temperature drying procedures. Polymerization
is retarded by surface contaminants at polymerization temperatures of
1310F (550C) or below, but not at polymerization temperatures above
1580F (700C).
Mechanical Properties and Durability
Polymer impregnation of typical bridge deck concrete from the
traffic surface using the foregoing monomer mixture gave a three-fold
increase in compressive strength and a two-fold increase in split-tensile
strength; impregnation of similar concretes.and mortars gave a six-fold
decrease in the rate of salt penetration, and a seven-fold decrease in
water absorption and loss by abrasion. Moreover, impregnation of struc-
turally sound, salt-contaminated concrete with the same monomer mixture
arrested the corrosion of the reinforcing steel, virtually eliminated
freeze-thaw damage, and dramatically increased resistance to chemical
6-5
attack (etching with hydrochloric acid). The mechanical properties of'
polymer-impregnated concrete can be vaired systematically by the choice
of the monomer, e.g., from a ductile material of strength only slightly
.greater than that of the control (butyl acrylate) to a very strong,
hard, brittle material (methyl methacrylate). Copolymerization of
methyl methacrylate-butyl acrylate gives an optimum combination of
properties.
Economics of Polymer-Impregnation of Bridge Decks
_l.
~~
Polymer-impregnated concrete offers an economical solution
to the deterioration of concrete highways and bridge dekcs because of
its longer service life and reduced maintenance costs.
6.4. Bridge-Deck Impregnation
C'
By applying these findings, it has been possible·for the first
time to achieve impregnation of sections of a salt-contaminated bridge
deck at the Penn State Test Track to a depth of from 4 in. to 6 in.
(August 1974). In fact, on the weekend of March 21, 1975, with the
collaboration of the Pennsylvania Department of Transportation, a
section of a deck on PaD Rte 378--the busy spur route leading from
1-78 to Bethlehem--was impregnated to demonstrate feasibility under
typical ro.ad repair conditions. Laboratory tests have shown that
polymer treatment can stop corrosion in underlying reinforcing steel;
the field-treated areas will be monitored to confirm this in the field.
6.5 Structural Applications
It has been possible to prepare PICs whose mechanical
behavior and fracture characteristics can be tailored to range from
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strong but brittle to tough and ductile.
6.6 Sponsors
The highway research and development was conducted under
NCHRP Project 18-2 "Polymers in Highway Concrete" (Lehigh University
and Pennsylvania State University) sponsored by the American Associa-
tion of State Highway and Transportation Officials, in cooperation
with the Federal Highway Administration, conducted in the National
Cooperative Highway Program, which is administered by the Highway
Research Board of the National Academy of Sciences-National Research
Council. The other work was supported by the Pennsylvania Science
and Engineering Foundation, Department of Commerce, Commonwealth of
Pennsylvania. The overall program will be completed by August 31, 1975.
A manual describing procedures that may be used to routinely impregnate
concrete bridge decks has been prepared.
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REINFORCED CONCRETE CONSTITUTIVE RELATIONS
W. F. Chen
7.1 Introduction
Large submersible shells and other components of reinforced
concrete, whose dimensions will be many times larger than su~h elements
studied previously, have been envisioned as part of a total concept to
utilize the solar energy available in the oceans [1 to 7J. A prelim-
inary conceptual baseline design of a closed Rankine cycle power system
using the ocean temperature difference as an energy source is illus-
trated in Fig. 1. Figure 2 shows a configuration design proposed by
TRW for a lOO-mw power plant. The analysis and design of these struc-
tural components pose a .cha1lenge due to several factors, some of which
may be entirely novel due to the location of the plant. The uncertain-
ties, at this stage, of the manner of supporting and loading the com-
ponents, and of making provisions for connections with other units
add to the complexities of the problem. The procedure for analysis
must, of necessity, possess the versatility to account for any com-
bination of these and other normal features. A fundamental concern,
however, is the nature of response to loading by the materials used in
construction under suboceanic conditions.
7.2 Objective
The overall objective of the structural phase of the program
is to devise the means necessary to achieve a satisfactory analysis of
the under-sea structures.
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·7.3 Research Approach
It is suggested that a finite element approach might provide
the answers in a majority of situations. The suggestion is prompted
mainly by the ability of the corresponding computer programs to process
linear or non-linear stress-strain relationship in material behavior.
The more conventional approaches, such as thin shells or thick shperes
using series solutions, are restricted to elastic responses of the
material.
In this work, the emphasis is on developing constitutive
relations for reinforced concrete, considering the possible effects of
hydrostatic pressure. Since it is conceivable that several structural
components may be built on shore, the constitutive relations neglecting
such pressure are also desired. The capability to handle loadings in
a generalized manner is, therefore, an inherent aim in the development
of these relations.
In order that the results of research be readily usable in
analysis, a corresponding computer code will also be developed to
reflect material response. This code, when in the form of a subroutine,
will be adaptable for use in an existing or postulated larger finite
element analysis computer program.
7.4 Sponsor
The work is currently sponsored by the Energy Research and
Development Administration in the Ocean Thermal Energy Conversion
(OTEC) area at the Fritz Engineering Laboratory, Lehigh University.
This phase of the program will be completed by April 30, 1976.
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LATERAL LOAD DISTRIBUTION IN
COMPOSITE STEELGIRDERBEAM~SLABBRIDGES
Celal N. Kostem
Erneso S. deCastro
8.1 INTRODUCTION
Field tests and analytical studies on simple-span beam slab bridges
with prestressed concrete I-beams have indicated that the lateral distri-
bution of the design loads are different from that assumed by the specifi-
cations (Ref. 3,4). The reported pilot study was undertaken to assess
the reliability of the specifications on the lateral load distribution and
finite element modeling of simple span beam-slab bridges with reinforced
concrete deck and steel girders (Ref. 2).
8.2 LATERAL LOAD DISTRIBUTION
The standard practice in the design o~ the bridge beams of a beam-
slab superstructure for the live loads is through the use of "Load Dis-
tribution Factor" (Ref. 5). The distribution factor is defined as the
fraction of the wheel load applied to the longitudinal beam. In compos-
ite bridges, the distribution factor for an interior beam is taken as
S/505, where S is the beam spacing in feet. For the exterior beam the
distribution factor is the reaction of the wheel loads obtained by assum-
ing the deck slab to act as a simple span beam between the exterior beam
and the first interior beam. This approach simplifies the design process;
however, since the lateral load distribution is considered to be the func-
8-1
tion only of the spacing of the beams, a more detailed study was needed
to verify the validity of the design process.
8.3 TEST STRUCTURE
The test structures considered in the study are the AASHO Test
Bridges designated as 2B and 3B which were field tested and reported in
detail in Reference 4. The bridges have a span of 50', a width of 15'
with three steel I-beams spaced at 5' _0' on centers. Bridges 2B and
3B are identical except for the difference in beam sizes; W18 x 50 for
Bridge 2B and W18 x 60 for Bridge 3B (Fig. 1). The steel beams have
cover plates and are connected to the bridge deck by channel shear connec-
tors. The test vehicle was a two axle truck with 6.8 kips in front and
14.3 kips drive axle loads. The axle loads were spaced at 64 in. The
terms exterior and interior in the figure and table follow the terminol-
ogy of Reference 4; from a designer's standpoint, they correspond to ex-
terior beams, and the center to interior beams.
8.4 COMPARISON OF ANALYTICAL WITH FIELD TEST RESULTS
Verification of the finite element solution, Fig. 1, can be made by
comparing the moments carried by the beams and beam moment percentages
from the analysis and the field test results. For this comparison, the
truck is placed directly over the interior beam. It can be seen from
Table 1 that the analytical results are in agreement with the test results
for both structures. The analytical results in general gave a slightly
larger percent of the load carried by interior beams and a larger total
8-2
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moment compared to the test values. This suggests a slight loss of co~
posite action.
8.5 EFFECT OF COMPOSITE ANDNON~COMPOSITECONSTRUCTION
The effect of composite versus non-composite construction can be seen
in Table 1. The structures designated non-composite were analyzed by ne-
glecting any composite interaction between the beams and the slabs. The
results show a decrease in the total moment carried by the beams and con-
sequently an increase in the total moment carried by the slabs. There is,
however, practically no change in the distribution of the moments carried
by the beams.
8.6 DESIGN AND ANALYTIC DISTRIBUTION FACTORS
The analytic distribution factors for a beam were determined by po-
sitioning the vehicle load across the section of the bridge such that
the maximum moment response is obtained for that beam. Figure 2 illus-
trates the schematic comparison of the design and the analytic results
both for composite and non-composite cases. It can be seen that the
design values overestimate the center beam moment but underestimate the
interior and exterior beam moments. In view of current construction
practices, it can be assumed that actual bridges are closer tofull·com-
posite than full non-composite. This in turn, in view of Fig. 2, indi-
cates that present specifications do no reflect the actual bridge behav-
ior.
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8.7 SUMMARY
This p~per presented the lateral load distribution for two composite
bridges. The finite element method was used to analyze the bridges and
to determine load distribution factors. The results were shown to agree
with the field test results. It was found that exterior beams have
higher distribution factors then the design values. The trend was the
opposite for interior beams.
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TABLE 1 MOMENT PERCENTAGES
00
I
VI
~ Beam Moment Beam Moment/ ~Beam Moment
Bridge
Truck Moment Interior Center Exterior
FIELD TEST 89.30(Ref. 4) 34.0 32.0 34.0
2B Finite Element 93,57(composite) 32.6 34.2 33.2
Finite Element 82 0 13(non-composite) 33.2 33.8 33,0
FIELD TEST 92.10(Ref. 4) 33.8 33.4 29.2
3B Finite Element 94,59(composite) 32.7 34,3 33.0
Finite Element 83 0 85(non-composite) 33 0 2 33.8 33,0
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INTRODUCTION
During the fiscal year 1973-74, six research projects in the
general area of stiuctural concrete were active at Fritz Engineering
Laboratory of Lehigh University. The titles of these projects, and the
research personnel associated with each, are as the following:
1. Prestress Losses in Pre tensioned Concrete Structural Members
, (FL Project 339). T. Huang was the project director. This
project was terminated on September 30, 1973.
2. Overloading Behavior of Beam-Slab Type Highway Bridges
(FL Project 378B). C. N. Kostem is project director and princi-
pal investigator. D. A. VanHorn and J. M. Kulicki are faculty
associates. W. S. Peterson is research assistant.
3. Evaluation of Prestress Loss Characteristics of In-Service
Bridge Members (FL Project 382). T. Huang is the project
director. J. Tansu and C. S. Hsieh are research assistants.
4. Development and Refinement of Load Distribution Provisions for
Prestressed Concrete Beam-Slab Bridges (FL Project 387).
D. A. VanHorn is project director. C. N. Kostem is principal
investigator. J. M. Kulicki is faculty associate.
E. S." deCastro and M. Z. Zellin are research assistants.
5; Polymer Concrete in Highway Application (FL Project 390)" This
project is a joint effort by the Fritz Engineering Laboratory,
I-I"
the Materials Research Center and the Center for Surface and
Coatings Research of Lehigh University together with the
Pennsylvania State University. Dr. J. A. Manson is 'the overall
project director. W. F. Chen is the co-director in charge of the
Fritz Laboratory participation. H. Mehta and E. Dahl-Jorgensen
are research assistants.
6. Prestress 'Losses of Post-tensioned Members (FL Project 402).
T. Huang is the project director. This project was initiated on
May 1, 1974.
Each of these projects was financially supported by one or more
of the following agencies: Pennsylvania Department of Transportation;
U. S. Department of Transportation, Federal Highway Administration;
Reinforced Concrete Research Council; and the Nationat Cooperative Highway
Research Program.
Contained in this report are brief descriptions of progresses
made on these proj ects. Also included are lists of reports and publica-
tions related to structural concrete authored by present or former mem-
bers of the Structural Concrete Division, Fritz Engineering Laboratory,
Lehigh University.
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OVERLOADING OF BEAM-SLAB BRIDGES
Ce1a1 N. Kostem
Overloading of bridges occurs when the superstructure is
subjected to load levels higher than those for which it was designed.
Overloading has become a more common phenomena near the major urban
and industrialized centers. Overloading can also take place due to
tbe passage of vehicles that are comparable in weight to the design
vehicle but drastically different in configuration.
Currently the issuance of overload permits for vehicles is
based on experience and intuition, not based on a reliable technique
to predict the overload response of the superstructure (Refs. 1, 2,
18 and 19). The research project "Overloading Behavior of Beam-Slab
Type Highway Bridges is aimed at developing a computer based method
to "determine (1) the effects of overloading, and (2) the various
loading sta~es throughout the ultimate load-carrying capacity of
beam-slab highway bridge superstructures with prestressed concrete.
I-beams.
Even though the analysis scheme is designed to predict the
response until the attainment of the collapse load; from a practical
standpoint the major emphasis should be placed at load levels which
induce "failures". It will be unrealistic to expect the issuance of
the overload permit for a bridge and load combination where, after
the passage of the vehicle, it will be necessary to replace the bridge.
1-1
The material non1inearities in the .form of inherent nonlinearity in the
stress-strain curves for concrete and steel, the cracking and crushing
of the concrete and the yielding of the steel are fully taken into
account.
The work plan for the investigation was, reported in the 1973
Lehigh Prestressed Concrete Committee meeting as follows (Ref. 2):
1. Inelastic Beam Studies
a. Elastic-Plastic Beams (Ref. 17)
b. Reinforced and Prestressed Concrete Beams
(Refs. 4, 5,6, 7, 8, 9 and 10)
2. Inelastic Slab Studies
a. Elastic-Plastic Slabs (Refs. 15 and 17)
b. Reinforced Concrete Slabs (Refs. 11 and 12)
c •. Slab Punching Ref. 3)
3. Bridge Behavior
a. Elastic Bridge Response (Ref. 16)
b. Elastic-Plastic Bridge Response (Ref. 17)
c. Response of bridges with elastic and e1astic-
plastic slabs and prestressed concrete I-beams
I
(Ref. 9)
d. Response of bridges with reinforced concrete slabs
and prestressed concrete I-beams (Refs. 13 and 14)
e. ,Parametric study of the overloading of bridges
Certain phases of the research have been completed and
reported ~n the indicated references.
1-2
,I
I
I
I
I
I
I
'I
I
I
I
I,
I,
I:
I
I
I
I,
'I·
,I
'I'
'I
'I
I'
'I'
'I
I
I
I
I
REFERENCES
1. Kostem, C. N.
OVERLOADING BEHAVIOR OF BEAM-SLAB TYPE HIGHWAY BRIDGES,
paper included in the report to the Lehigh Prestressed
Concrete Commit~ee, Lehigh University, August 1972.
2. Kostem, C. N.
OVERLOADING OF BEAM-SLAB BRIDGES, paper included in
Fritz Laboratory Report No. 223R-73, Lehigh University,
July 1973.
3. Kostem, C. N.,
SHEAR PUNCHING OF BRIDGE DECKS, Fritz Laboratory Report
378B.4, Lehigh University, in preparation.
4. Kulicki, J. M. and Kostem, C. N.
NONLINEAR RESPONSE OF REINFORCED AND ,PRESTRESSED CONCRETE
BEAMS, paper included in the report to the Lehigh Prestressed
Concrete Committee, Lehigh University, August 1972.
5. Kulicki, J. M. and Kostem, C. N.
THE INELASTIC ANALYSIS OF REINFORCED AND PRESTRESSED
CONCRETE BEAMS, Fritz Laboratory Report No. ,378B.l,
Lehigh University, November 1972.
6. Kulicki, J. M. and Kostem, C. N.
USER'S MANUAL FOR PROGRAM BEAM, Fritz Laboratory Report
No. 378B.2, Lehigh University, February 1973.
7. Kulicki, J. M. and Kostem, C. N.
"FURTHER STUDIES ON THE NONLINEAR FINITE ELEMENT ANALYSIS OF
BEAMS, Fritz Laboratory Report No. 378A.5, Lehigh University,
April 1973.
8. Kulicki, J. M. and Kostem, C. N.
FURTHER STUDIES ON THE INELASTIC RESPONSE OF REINFORCED,
, CONCRETE AND PRESTRESSED CONCRETE BEAMS AND BRIDGES,
paper included in Fritz Laboratory Report No. 223R-73,
July 1973.
9. Kulicki, J. M. and Kostem, C. N.
THE INELASTIC ANALYSIS OF PRESTRESSED AND REINFORCED
CONCRETE BRIDGE BEAMS, Fritz Laboratory Report No. 378A.6,
Lehigh University, September 1973.
10. Kultcki, J. M. and Kostem, C. N.
INELASTIC RESPONSE OF PRESTRESSED CONCRETE BEAMS, Preprints
of the VIIth Congress of Federation Internationale de la
Prec~;"trainte, New ,York, May 1974.
1-3
11. Peterson, w. S. and Kostem, C. N.
NON-LINEAR RESPONSE OF REINFORCED CONCRETE SLABS, paper
included in Fritz Laboratory Report No. 223R-73, Lehigh
University, July 1973.
12. Peterson, W: S., Kostem, C. N. and Kulicki, J. M.
THE INELASTIC ANALYSIS OF REINFORCED CONCRETE SLABS,
Fritz Laboratory Report No. 378B.3, Lehigh University,
May 1974.
13. Peterson, W. S., Kostem, C. N. and Kulicki, J. M.
OVERLOADING RESPONSE OF BEAM-SLAB BRIDGES, presented at
the Lehigh Prestressed Concrete Committee Meeting, Lehigh
University, July 1974. '
, !
14. Peterson, W. S.,Kostem, C. N. and Kulicki, J. M.
THE INELASTIC ANALYSIS OF BEAM-SLAB HIGHWAY BRID'GE SUPER-
STRUCTURES, Fritz Laboratory Report No. 378B.5,Lehigh
University, in preparation.
15. Wegmuller, A. W. and Kostem, C. N.
ELASTIC-PLASTIC ANALYSIS OF PLATES, Proceedings of the
International Association for Shell and Spatial Structures
Conference on Shell Structures and Climatic Influences,
Calgary, Alberta, Canada, July 1972.
16. Wegmuller, A. S. and Kostem, C. N.
FINITE ELEMENT ANALYSIS OF PLATES AND ECCENTRICALLY
STIFFENED PLATES, Fritz Laboratory Report No. 378A.3,
Lehigh University, February 1973.
17. Wegmuller, A. W. and Kostem, C. N.
FINITE ELEMENT ANALYSIS OF ELASTIC-PLASTIC PLATES AND
ECCENTRICALLY STIFFENED PLATES, Fritz Lab6ratoryReport
No. 378A.4', Lehigh University, February 1973.
18. Zellin, M. A., Kostem, C. N. and VanHorn, D. A.
, STRUCTURAL BEHAVIOR OF BEAM-SLAB HIGHWAY BRIDGES :- A
SUMMARY OF COMPLETED RESEARCH AND BIBLIOGRAPHY, Fritz
Laboratory Report No. 387.1, Lehigh University, May 1973.
19. American Association for State Highway Officials
SPECIFICATIONS FOR HIGHWAY BRIDGES', 1973.
1-4
,I
,II
:1
I'
I,
I
I
,I
,I
II',
I
I
I
fl'
'I'
I'
'I
I
.J
I
I
I
I
I
I
I
I.
'I
.1
'1\
I
I
l'
I
I
'I
Il
Ii
I'
OVERLOADING RESPONSE OF BEAM-SLAB BRIDGES
William S. Peterson
Ce1a1 N. Kostem
John M. Kulicki
1. Introduction
This paper briefly describes results of the res~arch on deter-
mining the overload response of beam-slab type highway bridges. Major
concepts dealing with the development of the analytical model are pre~
sented. Comparisons between experimental and analytical results are
also included for one case study.
2. The Analytic Model
The bridge analysis scheme being reported is based on the
finite element procedure. A general treatment of this subject can be
found in various references, e.g., Ref. 9. Specific application to re-
inforced and prestressed concrete beams is presented in Refs. 3 and 4.
Application to reinforced concrete s labs is. presented in Ref. 8.
2.1 Assumptions
Several assumptions are employed. in the development of the
analytical model (Refs. 3, 4, 7 and 8). These assumptions are:
1. The bridges under consideration are s~mp1e
spanned beam-slab superstructures without' skew.
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thickness.
The presence of stay-in-place metal deck forms
are neglected.
Slippage between the beams and slab is not
considered.
Perfect bond must be maintained between the
reinforcing bars and concrete.
2. Flexural action is assumed to be the primary mode
of structural response for the beam and slab
elements and consequently for the bridge super-
structure as a whole.
3. Only static loading of the superstructure is con-
sidered.
4. Stability aspects are not taken into account.
5. Formulation is based on small deformation theor~
and small strain theory.
6: The effects of super-elevation are ,neglected.
7. Beams must be prismatic and reinforced or pre-
stressed concret~.
8. Beams are assumed to have strong axis bending,
i.e., minor axis bending and torsion are
ignored.
The effects of' midspan diaphragms are neglected.
The deck slab is considered to have a constant
13.
9.
10.
11.
12.
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2.2 Force-Displacement Equations
The finite element method requires that the continuum be
divided into an assemblage of .subunits called finite elements. The
where
= a vector of applied elemental nodal forces
= t~e element stiffness matrix
a vector of nodal displacements
Both slab and beam finite elements are employed. A slab element allows
bending about two axes while a beam element has bending about one axis.
The individual element stiffness matrices are assembled to
form the global stiffness matrix of the entire structure:
[F} = [K] [a}
The unknown node point displacements, [o}, are obtained by solving 'this
set of simultaneous equations. After solving for the node point
I
I
I
I
where
[F}
~J
[a}
a vector of the forces applied to the
structure at the nodes
the assembled structural stiffness matrix
a vector of node point displacements
I
I
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displacements, strains can be computed. The stresses throughout the
bridge superstructure can then be determined by applying the stress-
strain relationship.
2.3 Layering
Reinforced or prestressed concrete bridges exhibit material
nonlinearities due to cracking and crushing of the concrete and yielding
of the steel. Also, the stress-strain curves for concrete and to some
extent that for prestressing steel are nonlinear relationships. To
account for material nonlinearities the beam and slab finite 'elements
are divided into a series of layers through their depth as shown in
I .
Fig. 2. The. stiffness properties' of the l.iyers are combined to form
the stiffness of the finite element. Then, as mentioned in Section
2.2, the individual finite elements are combined to form the stiffness
of the entire bridge superstructure.
A constant state of stress is assumed to exist within each
layer of each element.
Applications of the layered approach to beams and slabs are
presented in Refs. 3, 4 and" 7 respectively. A detailed discussion of
the layered appr~ach applied to highway bridge superstructures is pre-
sented in Ref. 8.
2.4 Material Properties
Each layer within the finite element. can have its own speci-
fied stress-strain curve for a given concrete strength. Figure 3 shows
possible stress-strain curves that can be assigned to a particular layer,
2-4
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e.g., concrete in tension, concrete in compression, milq steel reinforcing,.
and prestressing strand.
Analytic expressions for the stress-strain curves and detailed
explanations of their use as applied to beams and slabs are .contained
in Refs. 3,4,5, 6 and 7.
3. Solution Scheme
Because of the material nonlinearities an incremental solution
scheme is used. The overload response of the highway bridge super-
structure is obtained by applying a series of load increments and
computing the global stiffness matrix for each load level. At each
load level the equilibrium equations are established and solved for
unknown ~isplacements. Due to the material nonlinearities there is a
progressive deterioration of the stiffness of the superstructure~
The changes in the global stiffness matrix are designed to
reflect nonlinearities such as the progression of cracking and crushing
of the concrete layers and yielding of the steel layers.
Two solution schemes have been developed: one. is called the
incremental-iterative method and the other one is called the incremental-
method. Figure 4 shows general flow charts for the two methods. De-
tailed explanations ,of'the flow-charts are presented in Ref. 8. As can
be .seen in. Fig •. 4, the difference between the incremental-method and
. the incremental-iterative method is in. the fact that in the former,
iteration ,within a load step does not take place while in the latter
iteration and convergence checks within a load step are performed.
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4. Comparison with Field Test Results
A total of five overload case studies were conducted as part
of the research being reported. The analytic overload behavior was
compared to the experimental results for 3 prestressed concrete bridges
and 2 reinf~rced concrete bridges. Only one of the five case studies
is included in this report. Detailed presentations of all five case
studies are contained in Ref. 8. The bridge that will be discussed is
the AASHO Road Test Bridge 6A (Refs. 1 and 2).
4.1 AASHO Road Test Bridge 6A: Geometry
Bridge 6A used 3 precast pretensioned concrete I~beams --
composite with the deck slab. The bridge superstructure was built with
no skew and had a length of 50' center-to-center of beartng. The plan
view is shown in Fig. 5. The deck slab was 6.5" thick and the width
.
of the bridge was 151. Figure 6 shows the shape of the cross-section
including slab dimensions and slab reinforcem~nt of Bridge 6A.Beam
geometry and layering is shown in Fig. 7. A single top row of strands
was used together with three bottom rows of strands. Thedetailed
dimensions of the beams and the distribution of the 7-wire prestressing
strands are presented in Refs. 1 and 2. Bridge 6A had 16 prestressing
strands per beam for a total steel area of 1.291 square inches per beam.
The initial pretensioning force was 13.8 kips per strand. .A prestress
of 165.0 ksi was used for computerized analysis of Bridge 6A. A
stress of 164.7 ksi was obtained after the completion of the dead load
and prestress solution routine for the beams. The computed value of
164.7 ksi compares very favorably to the measured value of 164.6 ksi.
2-6
I
I
I
I'
:1
I
I
:1
4.2 AASHO Road Test Bridge 6A: Material Properties
A detailed presentation of ,the relevant material properties
is contained. in Ref. 8. Key material properties can be sunnnarizedas
fo llows:
Loads were applied to the superstructures by amoving over-
load vehicle. The loading procedure consisted of placing weights on
the overload vehicle which would then travel across the bridge uS4ally
30 times. During the loading process deflections at the ~idspan
position of each beam were measured. The load was then increased and
another set of runs made. This procedure continued until the bridge
superstructure collapsed onto the safety cribs.
Detailed presentations of the node points, element numbering
and element dimensions are contained in Ref. 8. Since the structure
was assumed to be symmetric in geometry and loading, one-quarter of
the structure was analyzed. Fifteen finite elements were used in the
discretization. This resulted in 24 node points for a total of 120
degrees of freedom. It should be noted that the interior beam lies on
a line of symmetry and only one-half of the cross-section is to be
included in the model. The I-beams were divided into 8 concrete layers
and 3 steel layer~ as shown in Fig. 7. The beam and slab layering with
associated dimensions are presented in Ref. 8.
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'1. Prestressing strand
Yield Strength
Young's Modulus
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229.4 ksi (at 1% strain)
27,600 ksi
2-8
Compressive Strength. 5.48 ksi
Figure 8 shows the moment-displacement history for Bridge 6A.
The dashed line represents the experimental ~urve reported in Ref. 2.
Usually the overload vehicle made 30 trips with the same load. The load
4.3 AASHO Road Test Bridge 6A: Results
The AASHO Road Tests included (Ref. 2):
1. A regular test traffic program of 500,000 trips
2. Accelerated fatigue tests of up to 1. 5 million cycles
3. Dynamic load tests
4. Overloading tests
Therefore, before the overloading tests, the bridge was subjected to a
variety of loading programs. The testing programs prior to overloading
produced structural changes within the bridge_superstructure such as
the formation of cracks.
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0.438 ksi
5,700 ksi
50 ksi
28,800 ksi
9.11 ksi
1.125 ksi
0.71 ksi
5,900 ksi
Tensile Strength
Young's Modulus
2. Slab steel
Yield Strength
Young's Modulus
3. Beam concrete
CO!IlPressive Strength
Rupture Modulus
. Tensile Strength
Young's Modulus
4. Slab concrete
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was then increased and the vehicle made another 30 trips. If 30 trips
were not made the number of trips would then be indicated and circled
on the moment-displacement history plot. Bridge 6A was tested with 7
increments of load. : The dots on the experimental curve ind~cate loads
where permanent changes in the structure did not occur. The horizontal
portions of the experimental load-deflection history indi~ate that
permanent changes have occurred in the bridge superstructure. The~e
permanent changes reflect material nonlinear phenomena such as cracking
or crushing of the concrete and yielding of the steel.
Solid curves "A" and"B" in Fig. 8 represent the computed
results. Curve "A" corresponds to the analytic curve generateq by
using the incremental mode as explained in Section 3. Curve "B" cor-
responds to the analytic curve obtained from the incremental",:,iterative
solution mode. The incremental mode gives results that form an upper
bound to the incremental-iterative results.
The numbers along the side of the displacement history shown
in Fig. 8 correspond to'specific load levels which are of interest.
These load levels have the ,following significance in a response histogram.
1. The regular test vehicle produced a maximum midspan
moment of 382 ft-kips.
'2. At a moment level of 462 ft-kips ftrstcracking was
predicted by the method reported herein.
3. At a moment of 720 ft-kips first cracking was predicted
in Ref. 2.
2-9
7. At a moment level of 1000 ft-kips a decrease in
stiffness was indicated by the test results. This is
distinguished by the first horizontal portion of the
I
dashed curve. The computed curve designated as "B"
is in very good agreement to this observed value.
8. The ultimate midspan moment capacity from Ref. 2
was found to be 1463 ft-kips.
9. The ultimate moment capacity actually measured was
1500 ft-kips.
10. The ultimate moment capacity predicted by the method. in
this report was 1655 ft-kips. This value is based on
the upper bound incremental curve designated as "A"
in Fig. 8.
During the fie1d,test light crushing was observed in one small area of
the deck slab. The stress 'histories 'from the analysis predicts concrete
crushing in tWQ midspan elements and fracturing of the prestress strand.
This prediction agrees with that observed in the test.
5. Conclusions
The research contained herein and presented in Ref. 8 describes
a method for the overload analysis of beam-slab type highway bridges.
The predicted response of 5 test bridges have been compared with exper-
imental results, Ref. 8. In aU cases adequate agreement was obtained.
The following conclusions can be.made based on the results reported
here and in Ref. 8. '
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1. The assumptions presented in Section 2.1 are satisfactory
for the overload analysis of beam-slab type highway
bridges subjected to vehicular overloading. It will
be 'emphasized that;
2. Satisfactory results were obtained for poth prestressed
and ,reinforced concrete bridges.
3. The nonlinear response of the individual beams subjected
to dead loads and/or prestress can be considered.
4. The 'nonlinear response of the entire bridge super-
structure subjected to dead loads can be considered.
5. The elastic-live load response can be obtained.
6. The inelastic-live load response can be obtained.
7. The ultimate capacity of the bridge superstructure can
be predicted.
8. The progression of, cracking and crushing of the concrete
and yielding of the steel can be monitored throughout
the entire bridge superstructure.
9. Transverse shear in the beam caused by flexural stresses
can be determined. Also the interfacial shear between
the beam and the deck slab can be obtained.
, ,
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Fig. 2 Layered Beam and Slab Elements
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OVERLOADING OF BEAM-SLAB BRIDGES - APPLICATIONS
Celal N. Kostem
The research on the overloading behavior of beam-slab type
highway bridges is a computer based analytical investiga~ion. The
developed methodology and the computer program ,are compared with the
test data available in the literature where possible.
The developed computer method is designed for simple spanned
beam-slab bridge superstructures without skew. The beams can be pre-
stressed or reinforced concrete I or T's. The loading is assumed to be
static and the location of the most unfavorable vehicle location is
decided by the analyst.
The input of the computer program requires the definition of
the (1) basic bridge geometry, such as span, the size of the beams and
their spacing, (2) basic estimated material properties, i.e., f anf f ,
c ' Y
(3) the geometry and magnitude of the wheel loads associated with the
overload vehicles~
The numerical correlative studies 'with the available field
test data.has indicated that:
1. Even though the program is designed for right bridges,
bridges with moderate skew can also be successfully
modeled.
2. The analysis does not include provisions for super'
3-1
elevation, however, moderate superelevation can be
successfully modeled.
3. Even though the analysis does not take the repetitive
overloading of the systems in~o account, it has
successfully simulated bridges subjected to regular
and to overload vehicles for long durations.
4. Shear punch failure is not a problem of concern when
bridge decks are subjected to overload vehicles ,as
long as they do 'not concentrate loads over a very
small area.
'5. Primary mode of failure in the bridges is due to the
flexural behavior.
The analysis scheme is designed to execute in the computer
until the "collapse" load level is reached. However, from: "} practical
standpoint, since this is a rather hypothetical value, the execution
of the program will be terminated when a failure occurs. Failure
within the context of this study can be interpreted as the penetration
of the cracks to a certain depth, prestressing strand strain exceeding'
a critical value, etc.
Feedback from the prospective users of the program has in-
dicated that it will be highly desirable to modify the program to create
a beam sections library comprising the AASHO and PennDOT cross-sections
already tabulated as well as longitudinal prediscretization of the
superstructure so that the user will not be concerned with the informa-,
tion as such. There are many other small changes that will hopefully,
be made, ,if and when authorized, to make the program more user oriented.
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LATERAL LOAD DISTRIBUTION IN PRESTRESSED CONCRETE
BEAM-SLAB BRIDGES
Celal N. Kostem
The research on the Development and Refi~ement of Load Distri-
bution Provisions for Prestressed Concrete Beam-Slab Bridges is aimed
at the definition of:
1. Lateral load distribution provisions for simple spanned
beam-slab highway bridges without skew consisting of
prestressed concrete I-beams;
2. The effects of curb, parapet sections and midspan
diaphragms, as well as continuity on the load
distribution;
3. Effect of skew on load distribution in beam-slab bridges
consisting of prestressed" concrete I-beams, and
4. Effect of skew on load distribution in spread
box-beam bridges.
The extensive literature survey has indicated that the infor-
mation on the prediction of the lateral load distribution of bridge
superstructures of the above mentioned configurations is either too
abstract to gain acceptance by the designers or practical but not
realistic enough (Ref. 4).
4,;,1
The research required the development of computer based
analytical models to simulate the behavior of the superstructure and
correlative studies with the available field test data to verify the
models (Refs. 3 and 5).
A number or right bridges 'of various dimensions have been
designed and analyzed using the finite element method to assess the
lateral load distribution characteristics of the bridges (Ref. 6).
The provisions of the 1973 AASHO Specifications are used. The study
resulted in a practical but realistic formula for lateral load distri-
bution to be used in the design of these types of bridges. Studies
are in progress for skewed I-beam bridge superstructures (Refs. 1 and
2) •
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h~TERAL LOAD DISTRIBUTION OF PRESTRESSED CONCRETE
1-BEAM BRIDGES
Martin A. Ze11in
Ce1a1 N.Kostem
John:M. Kulicki.
1. Introduction
The purpose of this investigation is to develop a refined
method for the evaluation of live-load distribution factors for right,
I
i.e., no-skew, beam-slab bridges with prestressed concrete I-beams. The
investigation is a computer based analytical simu1ation~ Thesimu-
1ation is accomplished by analyzing a number of bridges of various
dimensions.
The analysis technique used was, the finite element method.
I
A detailed description of this technique is given in Ref. 1. A study to
assess the accuracy of the analytical modeling of the bridge super-
structure using the finite element technique was undertaken and the
results were reported at the 1973 LPCC Meeting, Ref. 2. The conclusion
of the study was that the analysis technique was both accurate and
efficient for lateral load distribution analysis purposes.
Thi~; paper presents a summary of the analytical experiment
used to study live-load distribution and the results obtained. The fol-
lowing areas will be covered.
5-1
1. Design of the analytic experiment.
2. Results of ,the analytic experiment.
3. Distribution factors. '
2. Design of the Analytic Experiment
To obtain a general method for the evaluation of distribution
factors that will be reliable for all bridges over a range of different
dimensions, many bridges must be considered in the experiment. Approxi-
mately 300 bridges were analyzed. Though field tests are important in
establishing the validity of analytical techniques, a study of this
magnitude eliminates the possibility of field testing all bridges,
therefore an analytic experiment was designed to determine a refined
method for the evaluation of distribution factors.
The supers~ructures considered are all simple spanned without
skew.' They basically consist of a reinforced concrete deck slab supported
longitudinally by prestressed concrete I-beams. All bridges were de-
signed using the provisions of the 1973 AASHO specification and PennDOT's
Standards for Bridge Design BD-20l. The bridge loading used was the
AASHO HS20-44 design vehicle.
The following scheme was used to vary the' bridge parameters
in the analytic experiment. A representative range of bridge widths
were chosen using Sec. 1.2.6 of the 1973 AASHO specification as a guide.
The bridge widths used were 20, 30, 42, 54 J 66 and 78 feet. For each
bridge width the beam spacing was varied, consequently the number of
\
beams was varied. The beam spa~ings varied from about 4'-611 to about
5-2
I
I
I
I
I
I
I
,I
I
I
,
I
:1
I
I
I
I
I
I
I
I
I
I
I
I
I
I:
I
I
I
I
I
I
I
I
I
I
I
I
9'-6". For each beam spacing the length of the bridge was varied from
about 30' to about 150'. The bridges were designed using the stiffest
straight strand economical beam shape. The PennDOT and AASHO prestressed
concrete I-beam shapes were used.
3. Results of the Analytic Experiment
This section will present the manner by which the results of
the bridge analyses were used to arrive at a refined method to determine
the lateral load distribution.
A,single HS20-44 vehicle is placed in a number of positions
across the width of the bridge and an analysis is performed for each
position:, The longitudinal position of the vehicle is always one that
will produce an ,absolute maximum moment in an analogous single beam of
length equal to the span length of the bridge.
For each position of a vehicle a moment percentage diagram,
indicating the percentage of the total cross-sectional moment carried
by an I-beam is obtained. The moment percentage diagrams are then'used
to produce influence lines for each beam. Each influence line is
plotted using approximately ten vehicle positions across the width of
the bridge. These influence lines are used to produce the distribution
factors for each beam and finally the maximum distribution factor for
each bridge. There were approximately 1200 influence lines studied in
the experiment.
All the bridges, except those that are,20 ft. wide. could be
considered as consisting of two possible design lane configurations.
5-3
For example, a 42 ft. wide bridge will be considered a 3 or 4 lane
structure. Th~s, two maximum distribution factors ,will result from the
analysis ~f every bridge.
The process is repeated for all the beams of a bridg~ and the
maximum distribution factor for the bridge considered as 3 lanes can
be determined. The bridge is then considered as a 4 lane structure and
the complete process is repeated.
The approach outlined above is repeated for all the bridges in
the experiment resulting in the maximum distribution factors for all
300 bridges. It is from these calculated maximum distribution factors
that the refined method for evaluating live-load distribution is developed.
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4. Distribution Factors
Curtently separate specifications exist for the calculation
of distribution factors for interior and exterior beams. The analy-
tical expressions for the interior beams is developed and presented
here. Figures 1 to 4 are plots of maximum distribution factors versus
8/1, beam spac.ing to span length ration, for the interior beams/o The
plots are grouped by bridge widths and number of lanes. The figures
include the complete range of beam spacings considered for each width.
The solid lines represent the experimental results. The plots for
the distribution factors that are shown in this paper are only a portion
of the results obtained.
Figure 1 is a plot of maximum distribution factors for 42 ft.
wide· bridges considered as 3 lane structures. Figure 2 shows the
maximum distribution factors for the same bridges except that in this
plot they are considered as 4 lane structures. Comparing these two
figures, certain trends become apparent:,
1. As the number of beams increase the distribution
factors decrease.
2~ For the 4 lane case the distribution factors are
higher than the 3 lane case.
3. There is a slope to the lines when the bridges are
considered as 3 lanes, while there is little or no
slope to the lines when the bridge is considered
as a 4 lane structure.
5-5
Figures 3 and 4 are plots of distribution factors for 66 ft~ widebrfdges
considered as, 5 and ,~hen 6 lanes. The plots indicate the same trend's a's
the 42 ft. wide bridges., Above listed trends are also applicabLe to the
other bridge widths included in the analytical experiment, but not in-
cluded in this' paper. The refined method for evaluating distribution
factors contains provisions accounting for the above referred trends.
Of the many equations studied to approximate the experimental distri- .
bution factors for interior beams the following equation produced con-
sistent correlation with the experimental results:
I
I
I
I
I
,I
I
D.F.
w
= (w +-.£
c NB
1 Sy)- - .45 (.25 - -)S L I
I
I
I
I
I
I
The distribution factors calculated using this equation are
shown in Figs~ 1 :through 4 by the dashed lines. Figure 5 is a plot of
the ratio of D. F., ID. F. for all bridges studied. The figure
equ. expo
shows the agreement between the'equation to calculate the distribution
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factors and experimental results. Also shown is the normal probability
curve for these percentages. It is seen that using this equation the
mean is 104% of t~e experimental result and the standard deviation is
4%. Thus, there is a 95% probability that the results using the
equation will be between 96% to 112% of the experimental results.
5. Conclusion
An analytic experiment to develop a realistic method for
evaluating the live-load distribution factors for prestressed concrete
I-beam bridges has been presented. This paper includes the design of
the analytic experiment as well as a description of how the results
were utilized to arrive at new distribution factors. Finally a
refined method to calculate distribution factors for interior beams
was presented. Work is presently underway to determine an analytic
expression for exterior beams.
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LATERAL LOAD DISTRIBUTION IN SKEWED I-BEAM BRIDGES
Ernesto S. de Castro
Celal N. Kostem
1. Introduction
Information on the behavior of skewed beam-slab bridges is very
limited. Despite the wide use of skew bridges there is no practical meth-
od of computing lateral load distribution factors which includes the ef-
fects of skew.
The purpose of this analytical study is to determine the distri-
bution factors for skewed I-beam bridges. The current research on lateral
load distribution in beam-slab bridges have resulted in an equation for
distribution factors for right (no-skew) I~beam bridges (Ref •. 3). This
work therefore is aimed at finding a modifier that will include the effects
of skew to the distribution formula for the right bridv,e.
A typical skew bridge is shown in Fig. lb. The equivalent right
bridge is shown in Fig .. lao The skew angle is defined as t~e angle of in-
clination of the support when compared to a right bridp.e. All 'other dimen-
sions and properties are as defined for rip,ht bridges. Section M is the
section of maximu~ moment response (Fig. la). In a skew bridge, this sec-
tion is found to be towards the direction of the obtuse angle support as
shown in Fig. lb.
The .problems associated with the skew and the method of analysis
had been briefly discussed in a previous report'(Ref. 1). A comparison of
6-1
o
othe analytical results with the field test values for a 30 degree skew
bridge taken from Ref. 2 is shown on Table 1. The correspondinp. bridpe
dimensions and loadings are shown in Fip. 2.
J
This paper presents some of the results and findinps based on
the analysis of 30 skewed, I-beam bridges. These bridges had the curb-to-
curb widths of 24 ft. or 42 ft.
2. Moments in Skewed I-Beam Bridges
,
I
At ~ position of the truck across the width of a brirlp,e, and at
a given cross-section,. each bridge beam will carry a percentage of the
total bridge moment. In a relatively long bri4ge, the bridge moment is
equal to the moment of an equal-span simple beam under the same load.
However, for ,shorter bridges the bridge moment is found to be smaller.
The bridge moment is reduced because the wheel loads are transferred by
the slab directly to the supports instead of to the beams. In the ana-
lysis the moment percentage is defined as the ratio of the beam moment
to the' moment of '. the bridge considered as a simple span beam.
2.1 . Effect of Skew on the Lateral Load Distribution
The effect of skew on the lateral load distribution is shown
in Fig. 3. The bridge analyzed was as-beam bridp,e, 60 ft. long and
24 ft. wide with beam spacing of 6 feet. The truck was placed on the-
bridge as would be placed on a right bridge to produce the maximum moment.
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The skew angle was then varied and the moment percentages were computed
for each case.
The t~o load positions indicated in Fig. 3 show the shift in
distribution of the load for the skew angle changes. The results
showed a more uniform distribution of load with increasing angle of
skew. The angle of skew did not have a significant effect on the
exterior beam directly under the load. The load distribution in a 30
degree skew bridge was also not significantly different from an
equivalent right bridge.
2.2 Maximum Moment Response in'a Skew Bridge
Figure 4 shows the variation of moment' of Beam C ina 45 and
a 60 degree skew bridge. The truck was' placed at five positions across
the width of the, bridge and the longitudinal position along the span
was varied until the maximum moment response was found. The maximum,
moment was compared to the moment produced with the truck centroid at
midspan (Fig. 4).
The moment in the beam with the truck centroid at midspan did
not differ significantly as compared to' the maximum moment response.
The bend~ng moment with the truck centroid at midspan, was obtained by
positioning the truck in a manner that the drive wheels and the rear
wheels are towards the obtuse angle support. The resulting plot is an
influence moment diagram of Beam C for truck locations across the width
of the bridge. From this plot the influence lines can be obtained.
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3. Distribution Factors in Skewed I-Beam Bridges
The load distribution factor is the factor by which wheel loads
are multiplied to determine the design load for a beam of a bridge. The
distribution factor is computed by s~ing up the moment ordinates of
the influence moment at load positions and dividing by the moment of
a bridge considered as a simple beam with a single truck load. Alter-
natively, given the influence line diagram the distribution factor would
simply be the sum of the ordinates at the loaded positions.
3.1 Effect of Skew and Number of Beams
, A 24 ft. wide bridge with a span of 60 ft. was analyzed with
two lanes loaded. The truck loads were placed near the center of th~
bridge section ~nd as close as possible to each other as allowed by the
1973 AASHO Specification (Ref. 4) .. Initially with 4 beams, the number
of beams was increased to 5 and then to 6 to make up two new sets of
bridges keeping the span length constant. Consequently the beam spacing
changed from 8 ft., 6 ft. and 4.75 ft. respectively. For each set, the
skew angles investigated were 00 (right bridge), 300 ,450 and 600 . Thus
a total of 12 bridges were analyzed.
Figure 5 shows the resulting distribution factois from the
analysis. Also shown for comparison is the current AASHO specification
of S/5.5 (Ref.'4).The distribution factor decreased as the angle of
skew increased. The decrease in the distribution factor was gradual up
to 450 • The number of beams and spacing did not seem to affect the rate
of reduction. This, however, indicated that width-to-span ratio may
govern the amount of reduction and should be investigated.
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3.2 Effect of Skew and Span Length
The 5 beam bridge with a width of 24 ft. and spacing of 6 ft.
I
was next investigated' further as a one lane and a two lane structure.
One truck and two truck loads were placed at different positions across
I
I
I
the width of the bridge to produce the maximum moment in a beam. The
length of the bridge was changed .from 30 to 60 and to 120 ft., and the
skew angle for each length was varied from 0 to 45 and to 60 degrees.
The distribution factors for the beams are seen in Fig. 6.
Beams Band C of the 30 ft. series with skews are not shown. For these
I
I
configurations, one rear wheel and one front wheel were off the bridge
such that load distribution comparison with longer bridges was not
practical.
lengths considered. However, a considerable change in the rate of
In Beam C, the amount of reduction in the distribution factor
did not change considerably from 0 to 45 degrees of skew for the
that the longer the bridge, the rate of reduction is decreasing as the
It was also observedd t ' b d f k 1 than 450 •re uc ~on was· a serve or sews arger
I
I
I
I skew angle increases.
I
Exterior beam A practically had no reduction in the distri-
but ion factor as the angle of skew increased except for the 30 ft.
I case. It should be noted that for 30 ft. span and large skew anglessome of the wheels of the vehicle. were off the bridge.
I
I
I 6-5
I
3.3 Effect of Skew on Distribution Factor vs. S/L
S/L ratio is the ratio of the beam spacing to span length.
On Figs. 7 and 8 a~e the plots of distribution factors versus S/L
for a 24 ft. wide and a 42 ft. wide bridge with varying skew angles
respectively.
The distribution factor for the 24 ft. wide bridge is
increasing with increasing SiLo However, with increasing angle of skew
the distribution factor is reduced and the rate of reduction is also
)decreasing. For this sub-investigation the bridge width to span ratio
considered were 0.20, 0.40 and 0.80.
The distribution factor for the 42 ft. wide bridge is also
increasing with increasing S/L ratio but only up to an S/L ratio of
1/7. The distribution factor decreases considerably with increasing
angle of skew. The bridge width-to-span ratios of the bridge config-
urations studied were 0.42, 0.70 and 1.00.
Comparison of the two figures seems to indicate that at a
certain bridge width-to-span ratio, the distribution factor decreases
with increasing S/L specially for large skew angles.
4. Design of the Experiment
The experiment refers to the bridges to be investigated
analytically. In the development of a distribution formula for right
. I-beam bridges, 300 bridges were analyzed (Ref~ 3). The bridges chosen
represented the spectra of bridge configurations encountered in practice,
6-6
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and consisted of several widths with different number of beams, spacing
and SIL ratios. For the skew bridge studies, the bridges were selected
by picking out the bridge widths, number of beams and SIL ratio at each
end andals~ at the middle of each spectrum. These bridges are to be
analyzed with skew angles of 0, 30, 45 and 60. The experimental bridges
are listed on Table 2.
5. Summary and Future Work
Skewed I-beam bridges were investigated to determine the
effects of skew on the distribution factors. This paper presents
the behavior of a 24 ft. and a 42 ft. wide bridge as a right bridge.
and as a skew bridge with different angles of skew. For the bridges
analyzed, the following general trends were observed:
1. .Load distribution factor decreases with increasing angle
of skew.
2. The decrease in distribution factor is gradual up to 45
ddegrees·but is abrupt after 45 degrees.
3. The rate of reduction in the distribution factor decreases
with increasing span length but increases with the angle
of skew.
4. Bridge width-to-span ratio is an important parameter in
a skew bridge and should be considered.
The futur.e work in this area will be the analysis of the
bridges designed in Section 4 for different skew angles. The resulting
distribution factors will be correlated to arrive at the modifier to
the distribution ~ormula of a right bridge.
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. lStati~ Load Test, Tim's Ford Bridge (Ref. 2)
Ratio of Bending Moments (%)
Interior Girders Exterior Girders
TABLE 1
LOAD DISTRIBUTION COEFFICiENTS - BRIDGE 31
I
I
I
I
I
I
I
I
I
.1
. \
I
I
I
I
I
I
I
I
I
40
41
60
59
Field Test
Analytical Results
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TABLE 2, cont'd.
lEach bridge length to be analyzed with skew of 0, 30,45, and 60 degrees.
2Number of beams
8/L
1/25
1/12
1/8
1/6
1/4
16
120
58
38
w = 72 ft
c
13
150
72
36
11
86
43
29
9
108
54
36
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Fig. 3 Lateral Dist~ibution of a Truck Load:
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,Fig.5 _ Effect of Skew Angle and Number of Beams on Distribution Factors.
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Fig. 7 Distribution Factor vs 8/L of a 24 ft Wide
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PRESTRESS LOSSES
Ti Huang
1. Introduction
The study of prestress losses in prestressed concrete members
has been in progress at Lehigh for many years. Project FL 339 (PennDOT
Research Project 66-17) was initiated in October 1966, for the purpose
of establishing a rational procedure for prestress loss prediction for
pretepsioned members, and involved mainly the testing of laboratory-
stored specimens and computerized analysis .of data. This project was
terminated in September 1973. Its findings were presented to the AASHTO
Committee on Bridges and Structures, and incorporated partially into the
1974 proposed revision to the AASHTO Bridge Specifications. A second pro-
ject (FL 382, PennDOT Research Project 71-9) was started in September 1971,
and involves a field observation on an experimental bridge, and an evalu-
ation of the previously developed prediction method. This project is
scheduled to terminate by the end of 1974. A third project (FL 402,
::-J.
PennDOT Research Project 74-3) was started May 1, 1974. It is intended
to extend the previously developed procedure to cover post-tensioned and
pre-post-tensioned members.
2. Rational Procedure for Pre-tensioned Members
2.1 Definitions
Prestress is defined to be the stress remaining when all exter-
nal loads (including member's own weight) were temporarily and
7-1
instantaneously removed. Thus, the direct elastic stresses caused by
the external loads are excluded from prestress, but the long term (creep)
effect of the dead load stress is included.
The reference point for prestress losses is the stress in the
tendon immediately upon anchoring to the prestressing bed. Therefore,
losses due to friction and anchorage slippage are not included.
2.2 Basic Procedure
The bases of the rational prediction procedure are the stress-
strain-time relationships for concrete .and prestressing steel, empiri-
callydevel6ped from the long term data colle~ted .from centrally pre-
stressed concrete specimens and constant length strand specimens. For a
given pretensioned concrete member, these two material characteristic
relationships are linked by the time and strain compatibility and equili-
brium conditions. Adding an assumption of linear strain distribution
across the depth of the member, the stress and strain history of the mem-
ber can be completely determined once the geometry and initial conditions
are given. Besides the characteristics of the materials, the factors
controlling the prestress losses include the following:
I
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k
1
k
2
= Transfer time, the period from initial tensioning (and
anchoring) to transfer of prestress
Initial strain in steel, alternately and more conveniently,
k could be replaced by the initial steel stress f
2 ' S1
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fc~ = Concrete fiber stress at c.g.s., caused by all long term
applied loads (member's own weight and other permanent loads)
1
= A geometrical parameter indicating the "degree of prestress"
A ,e ,I = Area, eccentricity and moment of inertia,g g g
= Area of prestressing steelWhere: Aps
=
I
I
I
I
I respectively, of the gross concrete section
I
2. 3. Practical Procedure
A practical procedure for prestress loss calculation, suitable
I for use by design engineers, was developed from the basic procedure by a
I
number of simplifications and approximations.· It involves three steps,
for estimating th~ prestress loss at initial stage, final stage and inter-
I mediate stage, respectively.
1) Initial loss: Immediately after transfer, the prestress loss is
I
I
I
I
where: REL
1
IL = REL -+ EL
1
Relaxation loss occurring prior to transfer. Its
value is dependent upon the initial tensioning
stress f and the transfer time k , and is
Sl 1
evaluated by Fig. 7-1.
I EL Elastic transfer loss n.f~ C3
I 7-3
I
I
n. Initial modular. ratio, varying from 5 to 7
1.
f = Concrete prestress at c.g.s. at transfer time
C3
I
I
f - REL
S1 1
S + n i - 1 .
2) Final loss: At end of service loss, taken as 100 years after
I
I
transfer, the total prestress loss is
TL = SRL + ECR ~ LD
where: SRC = A value dependent upon f ,to be taken from the
S1
following table, where f is the guaranteed ulti-pu
mate tensile strength of prestressing steel
I
I
I
I
I
SRL
24-42 ksi0.5
f If
s1 pu
0.6
0.7
30-46
39-53 I
0.8 50-62 I
ECR
LD
2.2 n.f
1. c3 I
I
3) Intermediate loss: At any intermediate time, the total prestress
loss is I
PL = IL + 0.22 (TL - IL) log t
c
where: t = Time after transfer, in days
c
I
I
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The complete details of the development of the rational proce-
dure are contained in several interim reports as well as the final report
of Research Project 339 (Interim report FL 339.6, March 1972; FL 339.7,
May 1972; final report FL 339.9, August 1973.)
2.4 Implementation
The findings of Project 339, and the proposed practical proce-
dure were transmitted to the AASHO (now AASHTO) Committee on Bridges and
Structures, Subcommit'tee on Prestressed Concrete in the spring of '1973,
and subsequently presented to the Committee at its 1973 regional meetings.
The final recommendation by the subcommittee, following a series of meet-
ings organized by the AASHO-PCI Committee, incorporated a number of
stipulations based on the Lehigh research. 'Included are the inclusion of
the modular ratio in the elastic loss; and a footnote allowing the use of
more sophisticated'methods. This recommendation has been approved by the
1974 'regional meetings and is being balloted now for inclusion in the
1975 Interim Specifications. PennDOT has requested permission from FHWA
to use the Lehigh proposed procedure in lieu of the new AASHTOprocedure.
The major differences between these procedures are:
1) The Lehigh procedure recognizes the variation of concrete
characteristics even for materials satisfying the same strength
requirements. The actual achieved strength could vary by as
much as 50%.
2) The Lehigh procedure allows the de,termination of prestress,
losses' C!t' any time from transfer to the end of service life,.'
7...5
3) The Lehigh procedure takes the interaction of' the various loss
components into full consideration.
3. Field Evaluation
The primary purpose of Research Project 382 (PennDOT 71~9) is
to evaluate the prestress loss calculation procedure developed from
Project 339 against bridge members under an outdoor in-service condition,
and to adjust the procedure if necessary. The field work is being car-
ried out on an experimental bridge, at the Pavement Durability Test Track
near State College, ~ennsylvania, in conjunction with two other research
projects undertaken by the Pennsylvania State University.
\
The bridge is a two-span two-lane structure, 36 ft. wide and
having span lengths of 60 ft. center to center of bearings. The main
superstructural members are twelve PennDOT standard 20/33 I-beams, topped
by a 7~1/2 in. concrete deck. Prestressing of the I-beams were achieved
by thirty-four 1/2 in. 270 K strands. Both standard stress-relieved
strands and the low relaxation "stabilized" strands were used. The fab-
rication and, construction of the experimental ,bridge was done during the
first half of 1972. Test track traffic, designed to test the durability
of the various pavewent structures of the track, was started in October
of 1972, and completed by June 7, 1974, with a total accumulation approxi-
mate1y equivalent to 1.1 million applications of one single 18-K axle.
Preparations are presently underway for stat~c testing of the bridge
superstructure. Vehicular loads representing progressively higher over-;-
loading will be used (at crawl speed) until the superstructure is judged
7-6
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no longer serviceable. It is anticipated that the "failure" will develop
in the slab system instead of the main girders. Afte,r the overload test,
the structure will eventually be demolished and replaced by a second
structure for new studies.
The field work of Project 382 involves primarily the measure-
ment of concrete strains in prototype pretensioned bridge beams as well
as short control specimens. The initial observations concerning the
losses of prestress during fabrication and the first year include the
following:
1) The loss of prestress before transfer is consistent with the.
estimated relaxation loss. The residual effect of the high
temperature during steam curing is not significant.
2) The transfer length of the 1/2 in. strands is approximately 30 in.
3) For the heavily prestressed members used (13 = 50.5), the relaxa-
tion characteristic of the prestressing strands had little
effect on the total prestress losses.
4) While the laboratory environment had a nearly constant relative
humidity of 50%, the outdoor humidity fluctuated from 70 to 90%.
r
Correspondingly, the indoor specimens have been observed to
experience higher shrinkage andcreep.strains than their out-
doOrs counterparts, although the differences were not large.
5) Over a period of approximately eight hundred days, the measured
long term concrete strains agreed reasonably well with those
perdicted by the procedure developed previously. It is
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anticipated that no more than a minor adjustment on the shrir.k-
age coefficients would be needed in the rational procedure.
4. Post-Tensioned'Members
The primary objective of the third project of this group
(FL 402, PennDOT 74-3) is to expand the scope of the previously developed
rational procedure to include post-tensioned 'and pre-post-tensioned mem-
bers. In addition, several parameters not previously considered will be
introduced. These include the gaining of concrete strength with time and
the environmental conditions.
A preliminary study has demonstrated that the basic concept
used in the previous procedure for pretensioned members is also valid for
post-tensioned members. The major adjustment needed would be in the
compatibility conditions of time and strain. The elastic response of the
member during post-tensioning poses a complication to the programming,
since in post-tensioning, there does not exist a stage of "before
transfer", when steel has been fully tensioned while concrete is free
from stresses. A sub-procedure based on linear elasticity would be
needed for this step. Before and after post-tensioning, the previous
procedure is expected to apply.
While the main task of this project deals with computer pro-
.gramming and documentation, a small amount of experimental work is also
included, aimed at the determination of the long term effect of the
elevated temperature during curing.
7-8
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POLYMER-IMPREGNATED CONCRETE: FIELD STUDIESa
By H. C. Mehta1, J. A. Manson2, W. F. Chen3 , M.ASCE, and J. W. Vanderhoft4
INTRODUCTION
Every highway department is confronted with the problem of deterioration of concrete
bridge slabs, as well as reduced skid resistance and unacceptable wear rates of their surfaces.
In large part, this deterioration is the result of cracking and spalling of the concrete, which
in turn is the result of its property deficiences - high permeability, low strength, poor dur-
ability, sensitivity to freezing and thawing. The deterioration eventually results in corrosion
of the top layer of steel reinforcing rods. The extensive use of deicing salts during winter
increases the salt concentration in the bridge deck to a critical level, so that it permeates
through the surface cracks and the highly-permeable concrete surface layer down to the rein-
forcing rods and causes their corrosion. This corrosion is aggravated by successive freezing-
and-thawing cycles which cause subsurface fractures and surface potholes in the concrete.
Other mechanisms of deterioration are also operative, e. g., differential expansion and con-
traction and high wear rates due to high traffic loads and studded tires.
Various methods have been tried to protect the bridge deck surfaces, e. g., waterproof-
ing the surface with coatings, membranes, .or overlays, coating the reinforcing steel with
epoxy resins, and repatching the potholes. All of these methods alleviate the problem tem-
porarily, but none shows promise of long-term protection or reduction in repair costs.
Eventually, .all of the systems break down, resulting in penetratipn of salt solution, corrosion
of the reinforcing steel, and spalling of the concrete. The spalling - the primary cause of
this deterioration - could be prevented if the macrocracks, micropores, and microcap-
illaries of the concrete layer above the reinforcing steel were sealed with ail impermeable
solid substance that would prevent penetration of the salt solution.
One approach to achieve this objective is the use of polymer-impregnated concrete(7-9,
12,13,18-20) In hi h' led' d'ed to 'th t
. t s approac , previOUS y-cur concrete 1S n remove e wa er
from its void spaces and impregnated with a liquid monomeror prepolymer which fills these
a .
Presented at the July 15-19, 1974, ASCE-EIC/RTAC Joint Transportation Convention,
Montreal, Quebec; it was subsequently available as a conference volume.
. IRes. Asst., Fritz Engineering Laboratory, Lehigh University, Bethlehem, Pa., 18015.
2Prof., Chern., and Dir. , Polymer Laboratory, Materials Research Center, Lehigh
University, Bethlehem, Pa., 18015.
3Assoc. Prof., Dept. of Civil Engineering, Lehigh University, Bethlehem, Pa., 18015.
4prof. , Chern. , and Assoc. Dir. , Center for Surface and Coatings, Lehigh University,
Bethlehem, Fa. , 18015. '
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voids; then, the monomer or prepolymer is polymerized to form an interpenetrating network
of polymer throughout the concrete. These polymer-impregnated-concrete composites have
been shown to be impermeable to water and salt solutions, and to have superb resistance to
freezing-and-thawing, chemical attack, and abrasion; moreover, their compressive, tensile,
d t1 . b 01 (7,8,13,18,19)an exural strengths are a out 300'0 greater than those of unmodified concrete .
Although these excellent properties of polymer-impregnated concrete have been demon-
strated in the laboratory, the technology for its application to bridge decks in the field has
not yet been developed. The ultra:fine pore structure of concrete makes it difficult to dry and
impregnate thick concrete slabs to a sufficient depth. The problem is complicated by the fact
that the methods that were so. successful in the laboratory are not directly applicable to the
field, e. g., the bridge deck cannot be put into an oven for drying or into a pressure chamber
for impregnation. In the field, the drying and impregnation of the slabs would almost cer-
tainly have to be accomplished from one side of the slflb.
Earlier work at the Brookhaven National Laboratory and the U. S. Bureau of Reclamation
(7,8,18,19) and the University of Texas at Austin(9) showed that 2-inch (5'-cm) penetrations
of new or badly-deteriorated decks could be achieved within a reasonable time by surface-
drying and monomer-ponding (i. e., impregnation at atmospheric pressure) techniques. The
goal of the Lehigh-Pennsylvania State University team (13), however, is to achieve a 4-inch
(10-cm) penetration in sound salt-contaminated decks. Such a penetration would allow the
interpenetrating network of polymer to envelope the top layer of reinforcing steel and seal'
off the capillary channels of the concrete, to prevent the permeation of salt solutions and sub-
sequent corrosion of the steel. To accomplish this deeper penetration requires greatly
enhanced rates of drying and impregnation because:
(1) Both the rate of water evaporation and monomer impregnation are proportional to the
square root of time(13, 20), so that the deeper the desired depth of drying or impregnation,
the longer the time required to achieve it, e. g. , it takes 5 days to achieve a 6-inch (15-cm)
penetration into thoroughly-dried concrete using the monomer-ponding technique (13) (also
see Figure 7).
(2) The rates of drying and impregnation of salt-contaminated concrete are slower than
those of uncontaminated concrete (20) (also see Table I) because the salt clogs the capillary
pores and restricts the movement of water and monomer.
The purpose of this paper is to describe the current status of work carried out to over-
come these problems and develop field drying and impregnation techniques.
8.2
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WORK DETAILS
The experimental work on 24 x 24 x 6 inch (61 x 61 x 15 cm) thick concrete slabs comprised
the following:
(1) Development of apparatus and techniques for impregnation of the slabs with various
monomer systems.
(2) Evaluation of the effectiveness of the technique in tenns of:
. (a) the properties and condition of the concrete slab;
(b) the drying of the slab preparatory to impregnation;
(c) the properties of the polymer-impregnated concrete, especially durability, skid
resistance, abrasion resistance, strength, and permeability.
(3) Demonstration of the ,techniques in the field, with the goal of schieving a 4-inch pene-
tration.
I. Test Specimens. The 24 x 24 x 6 inch concrete slab specimens were prepared from a
conventional non-air-entrained 1.00:1.92:6.10:6.75 water-portland cement (type l)-coarse
sand-limestone aggregate (1 inch or 2.5 cm maXimum) mix with a ce~ent factor of 485 Ibs/yd3
(287 kg/m3) and 28-days-average compressive strength of 4750 psi (32800 kN/m2). The mea-
sured air content was 3% with slump of 2.5-3.0 inches (6.35-7.62 cm).The slabs were given
a nonnal trowel finish and were cured in the fog room (90-100% relative humidity) for at
least 28 days before us~ in drying and impregnation tests. AI~ slabs contained a nominal
steel reinforcement at a 4-inch (10-cm) depth to simulate the structure cif the bridge deck.
II. Drying of the Concrete Slabs. The major problem in achieving deep impregnations in
concrete is adequate drying rather than the monomer penetration per ~(10,11,13, 17). The
monomer or prepolymer impregnant fills only those void spaces from which the water has
been removed by drying, so that the penetr~tion proceeds until the im~regnant reaches the
water remaining in these spaces and then stops ..
There is little infonnation in the literature'on the drying of concrete, and what infonna-
tion is available describes the slow drying at low temperatures (i. e. , less than 100· C). These
low temperatures require unacceptably long times to dry a bridge deck adequately for mono-
mer impregnation, e. g. , the use of such methods as natural heating, infrared heating, elec-
tric blankets, or a combination of these methods, requires from 3 to 30 months to adequately
dry a bridge deck(l). Thus, to prepare polymer-impregnated concrete, the drying must be
carried out at temperatures above 100· C in order to remove water to the desired depth
within a practi~al time(16). '
To determine the rate of drying, the 6-inch (15-cm) thick slabs were heated in an oven
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at 250 0 F (121 0 C), and their weights were determined at various times using an insulated
load cell. Figure 1'shows a slab mounted in the oven with the arrangement for measuring
the load, and Figure 2 shows a typical drying-rate curve. The results of many such exper-
iments s-howed that the drying was complete wIthin about 45 hours. Moreover, the rate of
water loss was proportional to the square root of the drying time, indicating that the drying
process is diffusion-controlled. These results for the 6-inch (15-cm) thick slabs dried from
both sides are equivalent to a 3-inch (7.5-cm) thick slab dried from only one side.
To, develop suitable methods for drying concrete slabs in the field, drying experiments
were carried out using a fixed propane torch assembly (Figure 3) to dry both small and
large slabs in the laboratory as well as a bridge deck in the field. The details of these drying
experime~tswill be reported elsewhere(14); however, this flame-drying method compares
well with drying methods used bY,others, e. g. , gas-fired infrared, radiofrequency, micro-
wave, hot air, and electro-osmotic drying(2, 5, 13). This method gives high surface temper-
atures (e. g. , 7000 F or 372 0 C), which means potential savings in time and labor. For exam-
ple, in drying a 72 x 72 x 8 inch (183 x 183 x 20 cm) concrete slab (PennDOT A-A specification);
only 7.5 hours were required for the temperature at the 4-inch (10-cm) depth to reach 250 0 F
(121°C), and in drying a bridge deck in the field at subfreezing temperatures, only 9 hours
were required for the temper~tureat the 4-5-inch (10-13-cm) depth to reach 250 0 F. Tem-
peratures such as these make it practical to dry and impregnate concrete to the depths
reported here (6 inches (15 em) in the laboratory and 5 inches (12.5 em) in the field).
III. Impregnation and Polymerization. The completely-dried 24 x 24 x 6 inch (61 x 61 x 15 cm)
concrete slabs were positioned on supports with their lower surfaces exposed and subjected
to impregnation frpm their upper surfaces. Figure 4 shows a conceptual representation of a
pressure impregnation device, and Figure 5 shows a prototype deVIce based on this concept
used on the 6-inch (15-cm) thick slabs. This prototype device consisted of a 6 x'10 inch
(15x25 cm) chamber welded to a 20x20x1 inch (51x51x2.5 em) steel plate. This chamber
was equipped with suitable gages and valves to permit convenient filling with monomer and
pressurization during impregnation. It was also equipped with a vacuum pump to evacuate
the concrete substrate before impregnation. The deyice was fitted with a 16-inch (41-cm)
circular gasket and boIted to the slab. This method of attachment was used to equalize the
pressure so as not to exceed the maximum allowable live load for bridge decks (usually 150
psf or .073 kg/cm2). The monomer mixture used 'was a 90:10 methyl methacrylate (MMA)-
trimethylolpropane trimethacrylate (TMPTMA) or isobutyl methacrylate (IBMA)-trimethylol-
propane trimethacrylate mixture containing 0.5% azobisisobutyronitrile (AZN) initiator.
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The first slab was dried and impregnated at a pressure of 30 psi (207 kN/m2). After
17 hours, a dark spreading patch of monomer appeared on the underside of the slab; by 24
hours, this patch had grown to a diameter,of 18 inches (46 cm), larger than the diameter of
the area impregnated from the upper surface. At this point, the impregnation device was
removed, and a 0.5-inch (1.3-cm) layer of sand was spread over the area enclosed by the
gasket and wetted with additional monomer, to minimize evaporative losses during poly-
merization(9,13). The slab was then wrapped in polyethylene film, and live steam was
played on its surface for 5 hours to polymerize 'the monomer mixture. After polymerization,
the polymer loading of this slab was determined to be about'5.5%.
When the slab was broken, only a slight odor of 'monomer was detected, indicating that
the polymerization had proceeded to high conversion. Moreover,' the appearance of the
fracture cross-section (Figure 6) was similar to that of other polymer-impregnated speci-
mens. The dark polymer-impregnated region can readily be distinguished from the light
unimpregnated region. The diameter of the impregnated region was 21 inches (53 cm) on the
upper surface and 18 inches (46 cm) on the lower surface of the slab, indicating that the
impregnating monomer had spread laterally beyond the 16-inch (41 cm) diameter enclosed
by the gasket. Also, the lighter 0.25-inch (0.64-cm) surface layer on the bottom indicated
that some monomer was lost from the lower surface by evaporation. Examination of the
fracture cross-section with a magnifying glass showed that, in the polymer-impregnated'
region, fracture occurred through the aggregate particles, but in the unimpregnated region,
it occurred around the particles.
Despite these minor deficiencies, this first slab impregnation was successful in that it
achieved thc deepest impregnation in sound concrete reported to date. To confirm and ex-
tend this result, other slabs were dried and impregnated (Table I). The parameters inves-
tigated included thc pressure applied during impregnation, evacuation after drying and be-
fore impregnation, the substitution of isobutyl methacrylate for methyl methacrylate in the
monomer mb,:ture, the use of hot-water ponding instead of steam to polymerize the mono-
mer, and the presence of salt as a ~ontaminant in the concrete substrate.
In these experiments, the pressure was varied from :30 to 80 psi (207 to 552 kN/m2).
The impregnation proceeded smoothly in all cases, but there was some leakage of monomer
around the gasket at pressures greater than 60 psi (414 kN/m2). An increase in the pres-
sure decreased the time required for penetration to the full 6-inch (15-cm) depth, e. g. ,
from 17-24 hours for 30 psi to 2.0-3.5 hours for 80 psi. These times are expressed as
ranges; the first value denotes the first appearance of monomer on the underside of the
slab, and the second value the time required for complete impregnation. Apparently, the
H, 5
monomer mixture penetrates first through the channels and microcracks from which the
water has been removed andonly later fills the micropores ~d large voids as it spreads
both downward and laterally through the slab.
Figure 7 shows the variation of percent penetration (based on a 6-inch (I5-cm) slab
thickn,ess) with time as a function of applied pressure. The rate of penetration increased
strongly with increasing pressure. These results may be combined with the relationship
developed earlie/13 , 20) to relate the depth of penetration!!. into mortar or concrete of
given porosity to the time.!. and pressure gradient!::. p to give the equation:
I
I
I
I
(1)
where °K1 is a fun,ction of the pore radius and contact angle of the'monomer on the concrete
substrate, and y and TJ are the surface tension and viscosity, respectively, of the mono-
mer mixture. Thus, the depth of penetration!!. varies linearly with !::.P instead of with
1
(!::.p)2 as predicted by the usual analysis of capillary forces. Therefore, the time re-
2quired to reach a given depth!!. is proportional to~ .
Evacuation was used on all slabs described in Table I except slab 1A. Slab 2 was
evacuated for 2.0 hours at 25 inches (63.5 em) Hg, but all other slabs were evacuated for
I
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centration found in bridge decks is usually less than 0.3% and the salt contamination is
1.5 hours at 28 inches (71 em) Hg.
Isobutyl methacrylate was substituted for methyl methacrylate in two slabs in this
study because it is less volatile and therefore less subject to loss by evaporation. More-
over, polyisobutyl methacrylate is more flexible and less brittle than polymethyl meth-
acrylate and thus may be better able to withstand repetitive freezing-and-thawing cycles.
All of the slabs were polymerized for 5-8 hours using steam except slab 2 which was
polymerized overnight using hot-water ponding on its surface. During the course of the
polymerizatiori, the temperature of the water d~creased from 1400 F (60 0 C) to 1000 F (43 0 C),
and some monomer was lost by evaporation from the underside of the slab.
The effect of salt contamination is shown by slabs 2 and 5, which were dried to con-
stant weight, soaked in salt solution to constant weight, and then redried to constant weight.
From the increase in weight, slab 2 contained 0.25-0.35% salt and slab 7 0.70-0.80% salt;
the difference was attributed to the higher concentration of salt solution in which slab 7 was
soaked. Table I and Figure 7 show that slightly slower rates of penetration and slightly
lower polymer loadings were observed for the salt-contaminated slabs ( 5.0uk. as
compared with 5.5% for uncontaminated slabs). In comparison, the maximum salt con-
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usually limited to the top 2-inches (5.1 cm) of the deck(13), so the decrease in rate of pene-
tration observed here may not be significant in the field.
Figure 7 also compares results for atmospheric-pressure impregnations of a 4-inch
(10-cm) core taken from a salt-contaminated bridge deck and a 3 x 6 inch (7.6 x 15.2 cm)
cylinder prepared in the laboratory. The core and cylinder were dried completely and im-
pregnated from one surface. The time required for impregnation to the 6-inch depth was
greater for the bridge deck core than";for the laboratory cylinder," Possible reasons are
salt contamination plugging the pores, a different porosity of the concrete, or both.
The morphology of the polymer-impregnated specimens shows the efficacy of the
pressurized impregnation method. Figure 8 compares fracture cross-sections of cores
froni salt-contaminated unimpregnated concrete slab 5 and polymer-impregnated concrete
slab 2; Figure 13 shows the acid-etched and polished core sections from various slabs
after freeze-thaw testing; Figure 14 shows the acid-etched and polished core sections
taken from the polymer-impregnated bridge deck. In all cases, the polymer-impregnated
regions can be distinguished from the unimpregnated regions by the difference in color-
ation; all polymer-impregnated samples show a uniform dark coloration that indicates
the completeness of the impregnation. Also, fracture cross-sections of slabs 6 and 7
(in which the impregnation was deliberately terminated before it was complete) show a
well-defined and uniform boundary between the unimpregnated and polymer-impregnated
regions; this boundary is 2.00-2.25 inches (5.1-5.7 cm) below the surface for slab 6 and
3.25-3.50 inches (8.3-8.9 cm) for slab 7.
IV. Testing of Polymer-Impregnated Slabs. The foregoing polymer-impregnated con-
crete slabs prepared with the prototype impregnation device were tested further to demon-
strate that their properties were comparable to those of laboratory specimens. Cores from
the polymer-impregnated and control slabs were compared with those taken from control
slabs and impl"egnated in a clos~d chambe~ using the normal laboratory procedure(3,4, 13).
The tests emphasized the durability properties because of the deterioration of bridge decks
observed in the field. These tests included freeze-thaw, compressive and split-tensile
strength, water absorption, corrosion, abrasion resistance, and acid-etching tests.
The drilling operation for taking the cores was accomplished with more difficulty for
the polymer-impregnated specimens than for the control specimens, the former behaving
like granite.
IV-A. Freeze-Thaw Tests. Freeze-thaw tests (ASTM Designation C671) were carried
out on 3-inch (7.5-cm) diameter cores taken from the 6-inch (IS-em) slabs of salt-contam-
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inated and uncontaminated polymer-impregnated concrete. Unimpregnated control specimens
of both types w'ere also tested. Two methods of impregnation ~ere used: surface impreg-
nation of the slabs and vacuum-pressure impregnation of the cores in a closed chamber.
The monomer system used throughout was the 90: 10 methyl methacrylate-trimethylolpropane
trimethacrylate mixture containing 0.5% azobisisobutyronitrile initiator. Three specimens
,I
were tested for each treatment level. As defined in ASTM C671, the freeze-thaw tests were
carried out until the specimen either failed or ten cycles were completed.
Table II shows the results of the freeze-thaw tests. The cores are identified by two
numbers; the first number gives the slab number and the second number the core number
from that slab, e. g. , core 4-2 i,s core ,2 from slab 4. Some. cores from unimpregnated con-
trol slabs were impregnated in the vacuum-pressure chamber and polymerized under standard
laboratory conditions; these are denoted by the letter!. While ASTM C671 defines the end
of the period of frost immunity as the point at which the dilation is more than twice the dila-
tion of the previous cycle, the concrete specimen may be considered to fail when the dilation
exceeds 400-500 microinches (10-13 Porn), the elastic limit for a 6-inch specirp.en (70-80
microinch/inch). All of the unimpregnated control specimens failed quickly,- the salt-
contaminated specimens in the first cycle and the uncontaminated specimens in the third
cycle. This poor frost resistance may be explained by the fact that the concretes used in
this study were not the air-entrained tyPe. The earlier failure of the salt-contaminated
specimens is also in agreement with field observations.
All of the polymer-impregnated specimens (with one exception) displayed exceptional
resistance to freezing and thaWing, independent of whether the specimen was uncontaminated
or salt-contaminated. This exceptional performance in the presence of salt loadings as high
as 12 lbs/cu yd (7.11 kg/m3) shows the potential of polymer-impregnated concrete as a
means to alleviate deterioration of highways and ,bridge decks. The single anomalous spec-
imen (2-6) was subjected to an additional 25 freeze-thaw cycles (non-instrumented) to ex-
pose the freeze-thaw-susceptible part of the sp~cimen. During these cycles, the lower part
of the specimen deteriorated badly and separated from the upper part, indicating that the
impregnation was incomplete in this lower part. Similar behavior was also observed when
the remaining portion was acid-etched and polished (Figure 13).
IV-B. Compressive and Split-Tensile Strength Tests. ,Table III compares strength
'measurements made both in direct compression and split tension of cores subjected to freeze-
thaw testing and control, cores not subjected to this test. The core identification is the same
as that used in 'Table II. The variations include cores from both unimpregnated and polymer-
impregnated slabs, cores from both uncontaminated and salt-contaminated slabs, cores
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from unimp~egnatedcontrol slabs that were impregnated and polymerized in the laboratory
(e: g. , 4-5 I), and the substitution of isobutyl methacrylate for methyl methacrylate in the
monomer mixture. In general; the strengths of these cores were not as great as those of
3x6 inch (7.5~ 15 cm) cylindrical specim(;!ns cast in the laboratory, presumably because of
possible distortion and cracking during the core-drilling operation and incomplete impreg-
nation (for the polymer-impregnated cores).
Although the number of specimens tested is necessarily small and the results show the
usual experimental scatter, some generalizations can be made. Before freeze-thaw testing,
the strengths of the polymer-impregnated cores were 2.5-3.0 times greater than those of
the unimpregnated cores. After freeze-thaw testing, the strengths of the polymer-impreg-
nated cores were the same or even slightly greater because of the annealing during heating
for 60 hours at 100°C (after freeze-thaw testing, the cores were subjected to the water
absorption test, redried, and then used in the strength tests). The strengths of the unim-
pregnated cores from salt-contaminated slabs decreased after freeze-thaw testing because
the cores were dried at high temperatures (» 100° C) before they were contaminated with
salt and redried for the water absorption test (this is observed even for specimens not sub-
jected to freeze-thaw testing, e. g. , compare the strengths of cores 4-5 and 5-6 in compressi~n
and cores 4-8 and 5-6 in tension). The strength~ of the uncontaminated unimpregnated cores
were slightly greater after freeze-thaw testing, however, because the control cores not
subj ected to freeze-thaw testing were not dried before the strength test, while the corres- '
ponding cores subjected to freeze-thaw testing were dried only once at low temperatures
(220° For 104° C), for the water absorption test. The polymer impregnation seems to heal
the microcracks formed during high-temperature drying as no such strength reduction was
observed for salt-contaminated cores after impregnation from this work and other tests on
laboratory specimens (6). The presence or abset;lce of salt contamination, or the ~ubstitution
of isobutyl methacrylate for methyl methacrylate in the monomer mixture, had little or no
effect on the strengths of the polymer-impregnated cores before or after freeze-thaw testing.
IV-C. Water AbSorption Tests. Table IV shows the results of water absorption tests
run on vari.ous freeze-thaw-tested cores and control cores. The cores were saturated by
soaking in water for 24 hours at room temperature and then weighed to the nearest gram;
these water-saturated cores were heated in an oven for 60 hours at 220 0 F (1040 C) to drive
off the evaporable water and were then reweighed'; the difference between the two weights
was taken as the total water absorption of the core. The core identification of Table IV is
the same as that used in Tables II and III.
The following generalizations can be made from these results.
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(1). The water absorption of the polymer-impregnated cores was less than 0.5-1.5% of
. ~
the total weight of the core and was only 10-20% of that of the unimpregnated cores. in good
agreement with the 83-95% reduction in water absorption reported for polymer-impregnated
cylindrical specimens cast and impregnated in the laboratory under controlled conditions (18).
(2) There was no significant difference in water absorption between freeze-thaw-tested
polymer-impregnated cores and polymer-impregnated cores and polymer-impregnated cores
not subjected to this test. demonstrating again that polymer-impregnated concrete is remark-
ably resistant to freezing and thawing.
(3) The water absorption was greater for cores taken from control slabs and impregnated
in the laboratory vacuum-pressure chamber than for cores taken from polymer-impregnated'
slabs (e. g •• compare the average of 19.3% for cores 5-5 I. 5-81. and 5-9 I with 12.9% for
cores 2-1. 2-2, and 2-6), even though the polymer loading was greater for the former
(perhaps the polymer fills the pores of the latter type in a different manner).
(4) A single polymer-impregnated core taken from a bridge deck impregnated in the
field (see "FIELD IMPREGNATIONS") showed lower water absorption than cores taken from
polymer-impregnated slabs, indicating that equally good or better results may be expected
from the field trials than from the laboratory impregnations.
IV-!D. Corrosion Tests. Some slabs were cored in such a way that a section of the
steel reinforcing rods placed at the 4-inch (10-cm) depth was removed as an integral part
of the core. This was done deliberately to determine whether the monomer had permeated
the porous concrete matrix around the rods and whether the filling of the pores in this matrix
by polymer would inhibit corrosion of the rods. If the channels left around the rods by evap-
oration of water were not filled with polymer, water could permeate these channels during
the freeze-thaw tests and corrode the rods, causing severe dilation and eventual failure of
the concrete.
The reinforcing rods in cores from uncontatninated slabs. both polymer-impregnated
(slab 1) and unimpregnated (slab 4). showed no sign of corrosion after freeze-thaw testing.
I
indicating that the presence of salt is necessary for corrosion. However, the reinforcing
rods in cores from the unimpregnated salt-contaminated slab 5 showed considerable corrosion
after freeze-thaw testing, while those in cores from the polymer-impregnated salt-contaminated
slab 2 showed no visible signs of corrosion. Figu~e 9 shows scanning electron photomicro-
graphs of the near-end sections of the reinforcing- rods. depicting corrosion in core 5-3
and none in core 2-1. Thus. although no quantitative measuremepts have been made. the
impregnation of porous concrete with monomer and its subsequent polymerization prevents
corrosion of the reinforcing rods. perhaps by immobilizing the contaminating salt by elim-
inating the water flux that carries it through the concrete to the rods.
8.10
I,
I
-I
I
I
I
I
I
I
I
I,
I
I
I
I
I
I
I
I
I
I
I
The development of polymer-impregnated concrete technology may influence the present
policy of replacing bridge decks when the salt content at the level of the top reinforcing rods
re:aches 2lb/yd3 (1.2 kg/m3)(21), since the polymer-impregnated cores tested here contained
12 Ibs/yd3 (7.1 kg/m3) of salt, yet showed no evidence of corrosion.
IV- E. Abrasion Tests. One of the problems of bridge decks is rapid surface wt;ar. To
determine whether polymer impregnation can improve surface wearability, an accelerated
test method was sought that would be representative of the field conditions of rolling and slid-
ing friction accompanied by high impact. Of the many test methods. proposed, no one method
can predict the actual abrasion resistance of concrete in service because of the sensitivity
of abrasion resistance of concrete to the details of testing, proportioning, placing, finishing,
curing, and protection.
IV-E-1. Test Apparatus. For this work, the ball bearing abrasion test method was
selected in preference to sand blasting, grinding wheels, and other abrasive devices because
it comes the closest to the actual abrasive action in the field. This method depends upon the
abrasive action of rapidly rotating steel balls under. load on a wet concrete surface. Water
is used to flush loose particles from the test path, bringing the ball into contact with sand
and stone particles still bonded to the concrete surface,. thu's providing impact as well as
sliding friction.
Figure 10 shows that the apparatus consists of a motor-driven hollow vertical shaft
resting on and turning ball bearings which rest on the concrete surface. As the ball bearings
cut into the concrete surface, depth-of-wear readings can be taken continuously as a function
of time without stopping the test. The abrasion tool is comprised of eight 23/32 or 0.71875-
inch (18.26-mm) diameter steel balls equally spaced in a retaining ring, to form a ball circle
of 2.5 inches (36.5 mm) diameter. The wear tool is given a breaking-in period of 300 seconds,
during which the balls become slightly textured and distorted, so that their apparent diameter
is slightly larger. During the remainder of the 'tests, the balls were reduced in diameter to
a value slightly less than the original diameter due to the sliding friction. The wear tool was
discarded when the diameter of the steel balls was reduced to 0.7175 inches (18.22 mm).
The hollow vertical drive shaft is provided with a flanged bearing plate as its lower end
\
grooved to match the ball circle of the abrasion tool and a centered lI8-inch (3.2 mm) dia-
meter orifice to permit a constant flow of water. The drive shaft is provided with an adjust-
ment of plumbness to the test surface. The total load on the ball bearing is 27 Ibs (12.25 kg)
including the weight of the drive motor, hollow drive shaft, and contained water. The motor
is capable of turning the drive shaft at 1000 rpm under load. The dial indicator has a 0.5-inch
(12.8-mm) travel and reads to the nearest 0.0001 inch (0.0025 mm).
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A one-gallon (3.B-liter) plastic tank mounted on the motor base supplies water, which
. .
flows by gravity through the hollow drive shaft and orifice in the flange plate onto the concrete
surface.
The machine base is provided with a vacuum hold-down device with three support points.
IV-E-2. Test Specimens. Eight 24x24x6inch (61x61x15 em) slabs were prepared and
impregnated with various monomer mixtures (Table V). The slabs were aged for 30 days,
dried thoroughly, impregnated with monomer, and poly~erized. Sl~b 13 was impregnated
with partially polymerized styrene'; after two hours, this viscous solution had penetrated :less
than 0.033 inches (O.B mm) into the substrate so the impregnation was discontinued. The ex-
cess monomer solution was removed from the surface and mixed with dry sand in 1:1 ratio.
This mixture was spread over the surface of,the slab, the slab was wrapped with polyethylene
film" and steam'-polymerized. Slab 14 was prepared similarly by mixing dry sand with the
excess 90:10 methyl methacrylate-trimethylolpropane trimethacrylate mixture on the surface
and polymerizing.
For the abrasion test, the slabs were clamped ,securely on rigid stands and leveled, to
approximate the rigidity of a slab in place. This procedure was considered satisfactory,
even though the rate of wear measured by this method is affected by sample sizes smaller
than a slab in place, because the purpose of this ",ork was to compare the abrasion re,sls-
tance of polymer-impregnated concrete with that of unimpregnated concr~te rather than to
determine the abrasion resistance of a polymer-impregnated concrete slab in place per se.
IV-E-3. Abrasion Test Results. Three or more tests were made on representative
surfaces of each slab and averaged to give the depth of wear-time curves shown in Figures
11 and 12 and the values for average depth of wear given in Table V. The average depth of
wear of the polymer-impregnated slabs was significantly smaller than that of the unimpreg-
nated control slabs. For example, the improvement in abrasion resistance measured at 1200
, . .
seconds was BO.-90% for the methyl methacrylate monomer mixture, 50-60% for the isobutyl
methacrylate monomer mixture, and 600-700% for the styrene-sand topping.
The polymer-impregnated slabs also showed more uniform abrasion resistance than
the unimpregnated control slabs; those curves of Figures 11 and 12 for the polymer-impreg-
natedslabs resemble more a half-parabola inclined toward the time axis than the unimpreg':'
nated control slabs, which show much more abrasion on the surface than at greater depth.
The styrene-sand topping on slab 13 proved remarkably resistant to abrasion .(curve B,
Figure 12); the abrasion test gave only a slight polishing action to the surface. When the
styrene-sand topping was removed before testing, the initial rate of wear was much greater,
about 50% of that for the unimpregnated control slab; as the surface was worn away, the rate
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of wear decreased but eventually exceeded that of the control slab,indicating that the viscous
partially-polymerized styrene used for the impregnation had penetrated only slightly below
the surface.
The rate of wear for the methyl methacrylate-sand topping (slap 14, curve 9, Figure 12)
was considerably greater than for the styrene-sand topping of slab 13, perhaps because poly-
styrene is harder and more brittle than polymethyl methacrylate. However, the rate of wear
for the methyl methacrylate-sand topping of slab 14 was the same as that for the slabs im-
pregnated with the methyl methacrylate monomer mixture. perhaps because inthis case\the
impregnation proceeded to some distance below the surface. The rate of wear for the slab
impregnated with the isobutyl methacrylate monomer mixture was slightly greater than that
for the slab impregnated with the methyl methacrylate monomer mixture.
It is interesting that the steel balls used for abrasion testing of the polymer-impregnated
slabs were worn away very little or not at all during the test compared with the substantial
reduction in diameter of the steel balls used for the.linimpregnated control slabs.
IV-F. Acid-Etching Tests. One core from each concrete slab was sawed lengthwise;
one half was etched by soaking in 18.5% aqueous hydrochloric acid for 2 hours, and the
other was polished to show the morphology and coloration. Figure 13 compares the appear":
ance of the acid-etched half with that of the polished half after freeze-thaw testing (control
cores 2-7 and 4-1 were not subjected to freeze-thaw). Acid-etching caused disintegration
of the unimpregnated cores; thecementitious matrix was broken down and the aggregate par-
ticles were attacked and dissolved. The polymer-impregnated cores showed remarkable
resistance to the acid-etching; the cementitious matrix was unaffected by the acid while the
aggregate particles were eaten away. The polished sections show clearly the uniform colora-
tion of the polymer-impregnated cores.
Figure 14 shows cores from the highway bridge deck treated in the same manner. These
polymer-impregnated cores show the sam~ remarkable resistance to acid-etching as did the
polymer-impregnated cores from the slabs; the cementitious matrix was unaffected by the
acid-etching while the aggregate particles were eaten away. This resistance to acid-etching
, .
was uniform over the whole 5-inch (12.7-cm) depth of the core, indicating that the impregna-
tion and polymerization was complete to that depth. This is supported by the uniform colora-
tion of the polished sectio~s. The polymerized monomer-sand-topping was also unaffected
by the acid-etching. Thus, the results of this first field impregnation are as good as those
of the laboratory impregnations.
FIELD IMPREGNATIONS
To achieve monomer penetrations of 4 inches or more, several requirements must be
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met: (1) the concrete substrate must be dried to the desired depth; (2) sufficient time must
be allowed for the impregnation and polymerization; (3) the monomer system must be
selected, not only for its cost and the mechanical properties of its polymer, but also for
its rate and uniformity of penetration.
These operating rules were demonstrated by a field impregnation test using the bridge
that is. part of the Pennsylvania Department of Transportation (PerinDOT) test track facility
constructed near State College, Pennsylvania, by agreement with Pennsylvania State Univer-
sity. This bridge,; which had been subjected to a known loading and deicing salt (NaCI, CaCI2)
history, is an ideal substrate for tf:lst impregnations in the field. .
, With the cooperation of the Pennsylvania State University team(2,13), the drying, im-
pregnation, and polymerization were carried out in the follOWing sequence: (1) an area of
the bridge deck was dried for 10 hours using the propane torch assembly (Figure 3); (2) the
pressure impregnator (Figures 4 and 5) was used to impregnate an area 16 inches (41 cm)
in diameter for 8 hours at a: pressure of 15-20 psi (100-128 kN/m2); (3) the impregnated
concrete was polymerized by feeding steam from a pressure cooker (10-13 psi or 69-90 kN/m2
pressure) into the impregnation chamber and also over the surface of the deck for 10 hours.
Thermocouples were installed in the bridge deck to monitor the temperature during drying.
The monomer used was the 90:10 methyl methacrylate-trimethylolpropane trimethacrylate
mixture containing 0.5% azobisisobutyronitrile initiator.
The deck was dried thoroughly in 10 hours using the propane torch assembly; during
this time the temperature at the 4-to-5-inch depth reached 250 0 F (12r C). No cracking of
the surface was observed, even though the surface temperature was about 700 0 F (372 0 C).
Unexpectedly, the ambient temperature dropped to subfreezing levels during the impregnation;
this hindered proper sealing of the gasket and resulted in leakage of monomer. Nevertheless,
the impregnation and subsequent polymerization were successful. Examination of a 4-inch
core taken from the polymer-impregnated area followed by etching in 18.5% hydrochloric acid
showed that the impregnation was complete to a depth of at least 5 inches (12.7 cm). ~ some
areas, the impregnation was complete throughout the whole 7.5-inch (19.0-cm) depth of the
slab, as indicated by the appearance of a dark spreading patch of monomer on the underside,
which eventually covered an area equal to one:'half of the area impregnated from the upper
surface. A slight odor of monomer was detected when the core was removed; however, the
polymer loading at the 5-inch depth was sufficient to give fracture through rather than around
the aggregate particles. Also, the bugholes were completely filled with polymer to the 4-inch
(10-cm) depth. Thus, although the design of the drier and impregnator must be developed
further, this first field trial demonstrated that practical impregnations can be attained within
a reasonable time by pressure impregnation at 15-20 psi.
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Figure 15 shows a conceptual scale-up of the foregoing pressure impregnation technique
which features pressurization and polymerization units operating simultaneously. This tech-
nique would enable the treatment of large areas of a bridge deck with minimum interference
with traffic flow.
CONCLUSIONS
The following conclusions may be drawn from this work.
(1) Concrete may be impregnated with monomer to any desired depth provided it is
thoroughly dried to that depth; this drying may be accomplished in the laboratory and in the
field using a propane torch assembly (Figure 3).
1
(2) The rate of impregnation is proportional to the applied pressure and the time2 ; thus,
the -impregnation of concrete slabs to any desired depth can be accomplished within a reason-
able time using a pressurized impregnation device bolted to the bridge deck or slab (Fig. 4 and 5).
(3) Polymerization of monomer-impregnated concrete slabs has been accomplished to
6-inch (15 cm) depths in the laboratory andto at least 5-inch (12.5 cm) depths in the field,
using azobisisobutyronitrile initiator and low-pressure steam for heating.
(4) All test results indicate that the polymer impregnation is dense and uniform to the
stated depths both in the laboratory and in the field; the goal of field impregnation to a depth
below the top layer of steel reinforcing rods has been achieved on a small scale.
(5) The polymer-impregnated concrete cores from slabs impregnated from one surface
show excellent freeze-thaw resistance, 80-90% reduction in water absorption, increased com-
pressive and split-tensile strength, good corrosion resistance in the presence of salt, and im-
proved abrasion and aCid-etching resistance; the single core from the first field impregnation
shows even better reduction in water absorption and equivalent acid-etching resistance.
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TABLE I
Drying and Impregnation of 24 x 24 x 6 inch Concrete Slabs
Impregnation Predicted
Methac3late Vacuum Pressure in Depth in Time in Time in Polymer
Slab Salt Content Ester Treatment psi (kN/m 2) inches (cm) hours hours2 Loading
1A none MMA none 30(207) 6(15) 17-24 18 5.5%
1 none MMA 2 hrs at 25 40(276) 6(15) 7.0-8.5 7-103 5.5%
in (63.5 cm) Hg
2 0.3%4 MMA 5 60(414) 6(15) 6 5.0%standard 5.0-7.5 4.0-5.5
4 none none (unimpregnated control slab) - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
00 5 0.3% 4 none (unlmpregnated control slab) - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
~
00
staridard5 1.23 76 none IBMA 60(414) 2.0-2.25 2.0
(5.0-5.7)
0.75% 4 IBMA 5 60(414) 3.25-3.50 77 standard 5.5
(8.3-8.9)
8 none MMA standard5 80(552) 6(15) 2.0-3.5 2_33 5.5%
. .
---------------------------------------------------------------------------------------
Monomer-impregnated concrete polymerized for 5-8 hours with steam except slab 1 which used hot-water pondi~ overnight.
1 -90:10 methac1j'late ester-trimethylolpropane trimethac1j'late mixture containing 0.5% azobisisobutyronitrile initiator.
~ =~:~~:~::~ :;::~~~~oh:~at~~: ~~r slab 1A assuming vaCUUtll treatment produces pressure gradient of 6 pE!i (41 kN/m2).
4 - 0.3% salt =12lbs/yd3 or 7.1 kg/m3; 0.75% salt"" 30 lbs/yd3 or 17.8 kg/m3•
5 - standard vacuum treatment - 1.5 hours at 28 inches ,<71 cm) Hg.
6 - predicted time for uncontaminated slab.
7 - impregnation deliberately terminated before completion to show effect of partial impregnation.
-' __., _-' .' _-, ..' - .. <- - - -
-----~------~'--~---
TABLE II
Freeze-Thaw Resistance (ASTM C671) of Polymer-Impregnated Concrete
1
Freeze-Thaw Dilation in microinches (cycle)
Core Impregnation Salt Content (1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
4-2 none (unlmpregnated none 60 30 660 930 1000 1560 1250 1500 1480 1460
4-3 control slab) 70 180 1130 1230 1520 1900 1830 + + +
4-7
~ 70 30 1100 1220 1700 2080 + + + +
5-1 none (unlmpregnated 20.3% , + +
5-2 control slab) + +
5-3 + +
5-5 I lab impregnation of core 0.3%2 30 20 20 20 20 30 20 30 30 30
5-8 I from unimpregnated slab3 30 30 20 20 30 30 0 40 30 30
5-9 I 20 20 0 30 40 30 0 50 40 30
00
;... 4-4 I . lab impregnation of core 3· none 100 30 40 40 20 50 30 20 20 10\0
4-5 I from unimpregnated slab, 60 30 30 30 20 40 20 20 10 30
4-9 I 50 30 30 20 20 20 30 20 20 30
2-1 surface impregnation 0.3%2 40 10 10 30 20 30 30 • 30 40
2-2 of slab4 30 20 10 20 20 20 20 • 40 30
2-6 840 1690 2500 _6
1-2 surface impregnation none 40 20 0 30 0 30 0 30 20 •
1-3 of slab5 20 20 10 20 10 20 0 ,20 20 20
1-5 40 40 20 20 20 20 ' 0 20 10 30
+ =off scale 1 - 90:10 methyl methacrylate-trimethylolpropane trimethacrylate mixture contalnlng 0.5%
- ... no test run azobisisobutyronltr1le lnltiator.
• =equipment malfunction 2 - 0; 3% salt ... 12 Ibs/yd3 or 7.1 kg/m3•
3 - laboratory vacuum (1.5 hours)-pressure (60 psi) chamber.
4 - 1.5 hours vacuum-(28 inches or 71 em Hg); 60 psi pressurization.
5 - 2.0 hours vacuum (25 inches or 63.5 em); 40 psi pressurization.
6 - after 3rd cycle, specimen cycled an additional 25 times; bottom portion of core visibly
deteriorated (apparently not impregnated).
TABLE III
Compressive and Tensile Strengths of Polymer-Impregnated Concrete Before and After Freeze-Thaw Testing (ASTM C671)
i
Before Freeze-Thaw Testing After Freeze-Thaw Testing
. Salt Compressive Strength Tensile Strength Compressive Strength Tensile Strength
Impregnation1 Content Core in psi (kN/m2) Core in psi (kN/m2) Core in psi (kN/m2) Core in psi (kN/m2)
surface impregnation none 1-63 8850 (61000) 1-13 910 (6280) 1-33 8520 (58800) 1-53 900 (6240)
of slab2
surface impregnation 0.3%5 2-3 10260 (70800) 2-5 850 (5870) 2-2 12030 (83000) . 2-1 1050 (7240)
of slab4
none (unimpregnated none 4-6 3790 (26100) 4-8 530 (3620) 4-3 4080 (28100) 4-2 560 (3850)
control slab)
none (unimpregnated 5 3540 ' 5-1 (2160)0.3% 5-6 (24400) 5-6 420 (2860) 2970 (20500) 5-2 310
control slab)
(Xl
N surface impregnation none 6_63 8850 (61000) 6_43 830 (5710) ------------ ----------0
. of slab6
lab impregnation of none
core from unimpreg-
nated slab7
4-5 I 11610 (80080) 4-4 I 1020 (7010)
lab impregnation of
core from unimpreg-
nated slab7
50.3% 5-9 I 11130 (76760) 5-5 I 980 (6750)
---------------------------------.--------------------------------------------------------
1 - 90:10 methyl methacrylate-trimethylolpropane trimethacrylate mixture containing 0.5% azobisisobUtyronitrile initiator.
2 - 2.0 hours vacuum (25 inches or 63.5 cm Hg); 40 psi pressurization.
3 - partially impregnated.
4 - 1.5 hours vacuum (28 inches or 71 cm ~); 60 psi pressurization.
5 - 0.3% salt =12 Ibs/yd3 or 7.1 kg/m3•
6 - 1.5 hours vacuum (28 inches or 71 cm Hg); 60 psi pressurization: isobutyl methacrylate substituted for methyl methacrylate.
7 - laboratory vacuum (1.5 hours)-pressure (60 psi) chamber•
.__ .-
.' - . ' - -- - - - _. _.. '. _.• -
TABLE IV
Water Absorption of Polymer-Impregnated Concrete Before and After Freeze-Thaw Testing
%Reduction in Water Abso~
.tion Compared to
surface impregnation none 1_23 27 1.59 }of slab2 1-33 24 1.41 77.6 75.71-53 22 . ) 1.25
surface impregnation .0.3%5 2-1 12 0.672 }
of slab4 2-2 13 0.740 87.1 86.7
2-66 14 0.884
lab impregnation of none 4-41 18 1.07 }core from 4-51 19 1.12 83.2 81.5
unimpregnated slab7 4-91 17 1. 02
lab impregnation of 0.3%5. 5-51 21 1.17 }core from 5-91 19 1.09 '80.7 80.4
unimpregnated slab7 5-81 20 1.17
impregnated bridge 12 0.539 91.5 89.2
deck core
none (unimpregnated none 4-2 104 6.07 }control slab) 4-3 113 6.554-7 110 6.36
none (unimpregnated 0.3%5 5-1 105 5.82 }control slab) 5-2 107 5.965-3 107 5.94
surface im~regnation none 6-6 '10 0.592 }
of slab 4 " 9 6-4 9 0.542 90.9 90.6
surface imcregnation 0.3%5 2-7 9 0.509
of slab4 ,
none (unimpregnated none. 4-1 108 6.17
control slab)9
"
none (unimpregnated 0.3%5 5-4 102 5.89
control slab)9
--------------------------------------------------------------
1.- 90:10 methyl methacrylate-trimethylolpropane trimethacrylate mixture containing 0.5%
azobisisobutyronitrile initiator.
2 - 2.0 hours vacuum (25 inches or 63.5 cmHg); 40 psi pressurization.
3 ...., partially impregnated.
4 '- 1.5 hours vacuum (28 inches or 71 cm Hg); 60 psi pressurization.
5- 0.3% salt = 12 Ibs/yd3 or 7.1 kg/m3. I .
6 - unimpregnated region of core failed in freeze-thaw test.
7 - laboratory vacuum (1.5 hours)-pressure (60 psi) chamber.
8 - isobutyl methacrylate substituted for methyl methacrylate.
9 - cores not subjected to freeze-thaw test.
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1Impregnation Salt Core
Water Absorption
%based on
grams concrete
Controls Controls
subjected to not subjected
freeze-thaw to freeze-thaw
TABLE V
Abrasion Resistance of Polymer-Impregnated Concrete
Slab Figure Curve 1 Impregnation2Monomer
9 11 2 90:10 MMA-TMPTMA partially
impregnated
10 11 3 90:10 MMA-TMPTMA partially
impregnated
Average Depth
of Wear at 1200
Seconds in inches (em)
0.06725 (0.1708) .,
Percent
Improvement
in Abrasion
Resistance
80
~~::::::~~:::::::~:::::~~~~~~~~~~~~::::~~i::;;::)::::::o::::::~:::::::::::::::::
13 12 8 partially polymer-
ized styrene
0.25-inch .
styrene-sand
topping
0.0170 (0.0432) 608
------------------------------------------------------------------------------------
, 19 12 9 .90:10 MMA-TMPTMA 0.25':'inch 90:10
MMA-TMPTMA-
sand topping
0.0640 (0.1626) 88
,
\
1 - MMA ., methyl methacrylate; IBMA" isobutyl methacrylate; TMPTMA .. trimethylolpropane trimethacrylate; monomer
mixture contained 0.5% azobisisobutyronitrlle 1n1!fator.
2 - 1:5 hours vacuum (28 inches or 71 cm Hg); 60 psi pressurization.
---------~-----~---
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Figure 1. Concrete slab mounted in oven for drying; weight loss measured by load cell
(not shown).
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Figure 2. Typic3.J. drying-rate curve for oven-drying of 24 x 24 x 6 inch (61 x 61 x 15 em)
thick concrete slab at 250 0 F (12rC).
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Figure 3. Propane torch assembly used in fast drying of concrete slabs and bridge deck. I
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Figure 4. Conceptual representation of a pressure impregnation device. I
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Figure 5. Prototype pressure impregnation device bolted to concrete slab and mounted
on supports.
Figure 6.· Fracture cross-section of first impregnated slab (lA) showing polymer-
impregnated and unimpregnated regions (note that fracture occurred through
the aggregate particles in the polymer-impregnated region and around the
particles in the unimpregnated region).
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Figure 7. Variation of monomer penetration into a 6-inch (15-cm) concrete slab with time
asa function of applied pressure: • cylinder; A. slab (note for comparison,
bridge deck core impregnated in the laboratory(13) at: 0 75 psi; X 0 psi.
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Figure 8. Fracture cross-sections of cores from: A. salt-contaminated unimpregnated
concrete slab .5; B. polymer-impregnated concrete slab.2 (note uniform dark
coloration and difference of fracture mode of polymer-impregnated core).
Figure 9. Scanning electron photomicrographs of the near...;.end sections of steel reinforcing
rods in salt-contamina.tedconcrete slabs after freeze-thaw testing; A. polymer-
impregnated core 2-1; B. unimpregnated core 5-3.
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Figure 10. Abrasion test apparatus. I
I
I
I
I
I
I
14 35
(II
12 30
NQl 25 ~Q
Ul
UJ Ul
I ::;;
U ·U
~ 8 20 ~
~ 0:
0: «UJ
« ~UJ
~ 6 15 ...
...
0
0 I
I-
a.
10 ~
5
Figure 11. Variation of depth of wea,r with time for polymer-impregnated and unimpreg-
nated concrete slabs.
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Figure 12. Variation of depth of wear with time for polymer-impregnated, polymer-sand
topped, and unimpregnated concrete slabs.
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Figure 13. Sawed cross-sections of cores subjected to freeze-thaw testing: A. acid-etched;
B. polished (note virtually complete disintegration of cementitious matrix and
aggregate particles in unimpregnated cores).
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Fig. 14 4-Inch Core from Polymer-Impregnated Bridge Deck (Pressure
Process): A. acid-etched: B. polished section (note limestone aggre-
gate particles are eaten away, but cementitious matrix is unaffected.
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Fig"ure 15. Conceptual scale-up of pressure impregnation technique
used her.e.
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DEVELOPMENT OF INNOVATIVE FIELD IMPREGNATION TECHNIQUES
FOR HIGHWAY CONCRETE
li:. C'.' Mehta1 , W. 'F. Che~2, J. - A. Ma-ns,~~3 and J ~- W/ Vand'¥~hoff4
, "
1. Introductio~
.",--, .
The basic principles of pressure-impregnation of polymeric
materials in a dried 'concrete are well established in v~rious laborator-
ies~1-6) Recent work on pressure impregnation from one surface on
laboratory slabs and field bridge decks has been summarized in Refs. 1
and 2. However, the necessary step of tying down the pressure chamber on
... '.
the concrete in order to apply moderate pressure is combersome. Simpli-
fied techniques must be evolved in order to make polymer treatment of
bridge and highway slab~ a widely used procedure.
,Described herein are laboratory experiments on two innovative
techniques of surface impregnation of con'crete. The development of the
field technique using rubber-pressure mat for rapid~ deep penetration of
polymeric materials in a dried concrete slab will be first presented.
This will then be followed by the presentation of the technique using
temperature difference as an energy source of impregnation for, ,a moist
concrete cylinder.
2. Rubber-Pressure Mat Experiments ,for Deep Penetration of Monomer
in Dried Concrete Slab
2.1 Introduction
Preliminary experiments of impregnation were conducted using
flexible rubber pressure mat with methyl-methacrylate monomer and
1 Res. Asst., Fritz Engineering Laboratory, Lehigh University ,Bethlehem,
Pa. 18015
2Assoc. Prof., Dept. of Civil Engineering, Lehigh University"Bethlehem,
Pa. 18015
3prof., Chem., and Dir., Polymer Laboratory, Materials Research Center,
Lehigh University, Bethlehem, Pa. 18015
4prof .,Chem., and Assoc, Dir., Center for Surface and Coatings, Lehigh
University, Bethlehem, Pa. 18015
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water as impregnants. The basic hypothesis of pressure mat impregnation
is that the monomer is initially trapped by surface tension in the mat
grooves. The trapped monomer under the action of a heavy roller is then
forced into concrete, the sides of the grooves being sealed
effectively by the rubber webs of the grooves. The pattern of the
rubber mat used in the experiments is of the type shown in Fig. 1.
2.2 Pressure Mat Impregnation
The simulating experimental set-up is shown in Fig. 2. The
load is increased from 0 to 30 kips (125 psi) over l5Jz"x15Jz" area in
22 seconds and then released in 8 seconds. A breaking-in time of 30
seconds' was provided to simulate somewhat the passing of a' roller over
the particular cross-section of a mat, where the load increases from 0
toa maximum,. releasing the load and then coming over the same area
after certain period of time. ,The. cycle of loading is shown in Fig. 3.
A total of 425 cycles were performed in approximately 6 hrs.-
30 mins. with periodical addition of monomer every hour in the dyke
made by permagum squeezed between steel frame and concrete slab by 6
C clamps (Fig. 2). The mat used was l6"x20" and was slightly larger than the
loading plate. At the start of each loading cycle, the loading plate
gripped the mat on the slab and thus trapped monomer that flowed in under
. the mat area. This monomer was then pressurized with the loading
head until at the maximum load a maximum pressure was reached. Under
this peak pressure liquid was seen to squirt out through a side crack
of the slab (only one crack observed). This indicated that liquid
was definitely pushed in the concrete at high pressure and efficient
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pressurization was obviously taking place in the diamond patterned
grooves.
During the pressurization cycle the liquid level in the framed
area was seen rising slowly as 'the rubber mat was squeezed by the loading
head. When the load was released, the liquid level immediately went
down and the liquid rushed under the mat and filled up the area ready
for next cycle of loading. The behavior of a single crack was observed
closely during the whole cylce of loading-unloading and it was found
that the crack did not open up even unde,r peak load. The liquid squirted
out only as the maximum pressure was reached.
The rubber mat used for the first experiment was quite old.
The mat was made of reclaimed rubber ,and 'used as ordinary door mat.
De~radation of the mat started taking place slowly and after about 41z
hours the center of the mat (with welcome sign) the weakest area; was
completely torn. The impregnation under pressure was now not taking
place effectively. The experiment was terminated after 61z hrs. as
no further monomer seemed to be absorbed by the slab.
2.3 Polymerization
The slab was taken to a pedestal and through a steam chamber,
steam produced in a pressure cooker was fed in for 6'hrs. (Fig. 4).
The whole assembly was wrapped around with burlap and plastic sheets.
Before putting the chamber and applying steam from one surface, some
of the excess monomer (lIb.) was sprinkled over 2~ lbs. cement
levelled evenly on the slab area. One ply aluminum foil was then
9-3
placed over it and a gasket was placed in between the chamber and slab.
The steam pressure was 6-10 psi in the cooker. Surface temperature of
the slab was 220oF.
The pressure cooker was heated with a single propane torch
fed with propane gas from a tank at 2-3 psi. The slab was steamed for
6 hours effectively. An estimated 6 lbs. of monomer loading was
obtained for 2'x2'x6" slab. The total time for pressure cycle leaving
out the breaking-in time was 3 hrs. 15 mins. The, equivalent pressure
I
I
I
I
I
I
predicting penetration depth, a penetration of up to 3% to 4" was
applied was 60 psi.
, (1 2)
From the formula developed early , for
I
anticipated.
2.4 Discussion of Results
The slab was broke open for observation. A band of full
impregnation ,to a depth of six inches was. obtained in the central 6"
region for the full length of the slab; and around this central region,
,. in the mat area, the impregnation had taken place to approximately 2"
(Fig. 5). Outside this pressure mat area, the impregnation due to
monomer ponding under atmospheric pressure was less than or equal to one
inch. The deterioration of the mat in the central region apparently
indicated high stress developed in the central area and less in the
outer band. Thus, instead of obtaining 3% to 4" of uniform penet'ration
of , the slab, a depth of 6" was obtained in central region and 2" was
obtained in outer regions.
In the second experiment, the same procedure mentioned above
was repeated except with a new mat of 70 durometer hardness and water
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instead of monomer. A total of 710 cycles of the type and duration
shown in Fig. 3 were run for 10 hrs. with maximum load of 24 kips on
the loading area (equivalent to 100 psi at maximum load). The equtva1ent
time and pressure for loading were 5 hrs. at 50 psi average pressure.
The water impregnated in the slab was exactly 7 1bs. which would give
. approximately 4~" depth of full loading (filling up of all pores with
water). In contrast the dried slab ponded with water would have taken
up only 1.8 1bs. of water (~1.5 inches of penetration).
The calculation was confirmed when the slab was broken open.
A uniform fat.nt but noticeable color difference was observed for the
top 4~ inches of the slab which looked grey as compared to the white
bottom 1~" of the slab.
. These experiments confirmed our hypothesis that deep and
efficient impregnation can .be obtained with pre'ssure mat technique.
This new technique eliminates the limitations associated' with pressure
impregnation chamber method which is expensive and requires elaborate
treatment procedure and the ponding method which takes too much time
(5-11 days) to get down to 4 inches in concrete. More experiments.are
obviously r~quired in order to refine this technique using different
pressure cycles and monomers. Plans are currently 'under way to treat
a 3'x12' section of an actual bridge deck.
The pressure mat technique is exp~cted to be more efficient.
in the field than in the simulated laboratory set-up. In the field, the
loading cycle followed will be of the type shown in Fig. 6 where the
roller is moved in such a way that it stays on each strip for some
9-5
duration of time to exert longer maximum pressure. The use of a'15 to
20 ton roller is expected to cut down the time required for ponding
method by approximately 75%.
2.5 Pressure Mat Impregnation in the Field
This procedure can be adopted easily in the field. This can be
achieved by impregnating the bridge deck (presumably one lane width) with a
huge mat covering the required area and having a 15-20 ton roller pass over
it back and forth. This may be the most practical and least expensive pro-
cedure developed so far using available equipment. The new technique can
impregnate the whole bridge deck at a time, assuming that we can dry the
whole deck at a time.
The schematic sketches of several field pressure mat impregnation
procefures are shown in Figs. 7, 8 and 9. To cover the monomer during
pressurizing with the roller, so as to have minimum evaporation and avoid
possible fire and health hazards, the mat will be tied to the steel frame
forming the dyke for monomer ponding. The roller will then pass over the
mat while the liquid will be contained in the dyked area. A valve wi 11 be
provided to feed the monomer and to equilibrate the pressure. With such
arrangement of mat, as soon as the roller will pass over a particular
cross-section, the mat will bounce back to its original configuration
,allowing the monomer to flow back over the area. Permagum could be used
to seal the dyked area, by squeezing it between the steel frame and the
concrete deck. The mat will be squeezed in between two plates on the
frame to completely seal the monomer as shown in Fig. 7.'
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Another procedure to impregnate a monomer with pressure mat
technique will be to have a monomer dyke and to have the rollers fitted
with the mat which can entrap and seal the monomer effectively and
pressurize it under its own load during each pass (Fig. 8). This will
alleviate the problem of making large mats to cover extensive areas of
bridge deck.
A third innovative procedure will be to have the rubber mat
rollers devised in such a way that as the area under the roller section
is sealed effectively under some pressure of roller, the monomer will
be fed under pressure through the roller until the interior pressure
counterb,alances the weight of roller (Fig . 9). This way no monomer
pondingMill be required and the unit will be self-contained.
2.6 Use ,of Non-Monomeric Materials for Hot Impregnation
The foregoing principles can be applied effectively for
other polymeric systems such as sulphur, tar (low viscosity) linseed,
oil, where use of high temperature to reduce viscosity and cheap cost
of the materials can be made to our advantage. Furthermore, the tech-
nology of compressing tar-asphalt-aggregate mix on road surface is
already available and hence the only modification needed ,is to dry
concrete first and use pressure mat to force liquid into concrete.
,(0
The exposure- and fire hazards will be much less with these materials.
This chemical system will have the following additional
advantages:' (I) 'reducing the total time required for the field work
since>no cooling period will be needed in between drying and impregnation;
9-7
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(2) utilizing the excess heat resulted from drying the deck; and (3)
no heating or catalyst will be required for polymerizing the materials,
as required for monomer, thus further reducing the unit· costs. Further
research. is needed in this area ~~d concurrent tests should
also be done on the bridge deck to apply hot material-system along with
MMA system.
.3.
3.1
The available methods for bridge deck impregnation require
the steps of drying, cooling the decks, followed by surface impregnation,
and polymerization of monomer in the por~s of concrete. All of the four
steps present problems both in time and expense, e.g., drying at low
temperature «250°F) will require a very long time and consequently
high costs. On the other hand, if dried at high temperatures (~600oF)
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the time is cut down drastically, but bridge engineers are afriad of
cracking the deck and losing the strength of inherent concrete. There-
fore, invariably we may have to follow the present standard of drying
the deck at a temperature of not exceeding 300°F as required by the
present regulations.
The advantages of using sulfur are that it melts in the range
of 113°C-120°C (235°F-24SoF) and the viscosity of the melted sulfur
remains low in the range of 12.5 centipose at 120°C (24SoF) to 6.6
centipoise at 160°C (320°F). Above this temperature the sulfur becomes
dark amber and highly viscous. Also in polymer impregnation of bridge
deck, due to very high vapour pressure of monomers and the fact that
they can catch fire at high temperature, the bridge deck has to be
allowed to cool down before the impregnation step can proceed. This
produces gross loss of heat energy. This energy should be utilized
to reduce viscosity of materials such as tar, sulfur, after drying of
concrete, for easy penetration of impregnant.
3.2 Innovative Technique
Herein, we propose to combine all the 4 steps of drying,
cooling, impregnation, and polymerization used in PIC treatment of
bridge deck into just 1 step. The idea is to use sulfur to dry and
impregnate concrete by covering the deck with molten sulfur and
keep the sulfur in molten state. The under-
lying hypothesis is that sulfur will act like heat transfer mdeium and
through this efficient ~eat transfer, it will heat the concrete faster.
The sulfur will be kept at 300°F-320°F on the surface of the deck to
9-9
take advantage of both maximum high temperature allowed and minimum
viscosity attained. Of course the bottom of the slab will have to be
properly insulated to minimize the heat losses and the whole slab will
have to be kept at the melting point of sulfur. O~herwise, no sulfur
penetration will occur as it will solidify in the pores.
When a slab is heated up from the surface, the moisture always
migrates from hot surface, down to the cool underside and condenses in
the cooler region. This evaporation-condensation mechanism was observed
in many of our drying' experiments (l,Z) where the water was seen to come
out from the bottom surface of the slab. It is therefore hypothesized
herein that as the water will migrate downward, the liquid sulfur will
follow the water migration due to the suction (equivalent to applying
pressure from surface) created in the pores by downward moisture migra-
tion [apparently water migrates quickly only if temperature is above
21ZoF (lOOoe) T. Here we may take the advantages of both internal
migration of moisture and heat of the s lab to propel the sulfur into
the pores unlike any other method devized so far. Thus in this method,
no extra time and effort is needed for impregnation and polymerization.
The time (which is perhaps also reduced due to sulfur heating the water
in pores) required for the process is equivalent only to drying time
with all the other parts of the, time that will be saved for cooling,
impregnation and polymerization.
3.3 The Experiments
To see if the ~bove hypothesis was correct, an experiment 'was
carried out in the laboratory. A 3"x6" cylinder was taken from the moist
9-10
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room (and consequently fully saturated), and half immersed in a molten
sulfur bath in a beaker (Fig. 10). The whole unit was kept in an
electric oven for 45 hours at 240-260o F. Thus as the cylinder was heated
faster in the bottom half section by surrounding molten sulfur, the
moisture migrating towards the surface picked up the liquid sulfur
in the bottom half portion.
The cylinder was taken out from the molten bath and cooled
in flowing cold water. A very hard and durable surface coating of
sulfur formed on the bottom half portion which could no~ be scratched
by nail. The cylinder was broken open to s~e how far the sulfur had
penetrated. It was remarkable to find that sulfur had penetrated / '
all the way through the thickness of cylinder and had followed the mois-
ture migration path all the way up to 1, inch from surface, as indi~ated
by the change in color of matrix from white to deep gray.' Thus the
molten sulfur did penetrate, follow the water and rise 2 inches by
cappilary action under the suction (Figs. 11, 12).
Normally, even after the concrete is thoroughly dried, it takes
12-16 hours to, penetrate and fully impregnate 2 inches by MMA of
viscosity'of .5 to .6 centipoise of concrete. Thus with viscosity of
sulfur melt of about 9 centipoise it would have taken about 180 to
240 hours to fully penetrate 2 inches of concrete as compared to,45
hours of treatment (assuming surface tension for MMA and sulfur are
same and equal to 25 dynes/ cm) • This showed that suction forces,dtd
in fact help in picking up the sulfur and cutting down the time tre-
mendously. However, it should be noted that full loading was not
obtained perhaps because of the short time of treatment, as observed
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from the fracture of aggregates. - The outer \ inch shell showed fracture
of all aggregates indicating full loading a~ compared to some aggregate
pullout in the central region with less loading of sulfur. This was
also seen when the cylinder was acid etched. The outer half inch shell
was not affected by 15% hydrochloric ac~d, where as the core was somewhat
effected. Thus by increasing the treatment time we would get full
loading and increase the depth of impregnation.
3.4 Discussions
Further experiments on simulating the impregnation of sulfur
in bridge deck have already been started with placing the molten sulfur
-on the surface of the slab in a 1" dyke, sealing the surface with glass
and heating the sulfur with infrared (Fig. 13). This set-up will
minimize the chance of pollution, fire hazard and at the same time heat
the sulfur efficiently. The temperature will be controlled at 300o F-
320°F with a thermostat.
After the treatment, some of the slabs will be subjected to
the permeability test by filling the dyke with-measured amount of water,
and measuring the uptake of_ water by the slab after calculated time.
The increase in weight will give the water absorbed by the slab from
which the permeability will be calculated. Freeze and thaw, abrasion
and strength tests will be also run in the same manner as for PIC to
evaluate and c~mpare SIC with PIC treatment.
In field, sulfur treatment may prove to be the mos~ simple
method to use by covering the required area of treatment with sulfur
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and following the procedure used in the laboratory. The advantages
of the proposed technique over the present techniques will be:
I
a) There is no problem with the size of an area to be treated at
one time as compared to tremendous complexities and time re-
I
I
I
I
I
quired with other existing techniques to cover large areas.
b) There are tremendous savings in time and expense with the
elimination of the steps on cooling impregnation and poly-
merization.
c) Only small investment is needed in this method. No fancy
impregnation-polymerization machines are needed. Further,
material costs of sulfur in bulk are very very low in compari-
son to monomers.
I
d) The method can be used for treatment of both bridge deck and
pavements including air field runways.
I
I
I
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I
I
e) Covering the bridge deck with molten sulfur during drying has
the additional ,advantage that its weight will act opposite
to the deflection of the slab caused by high temperature. at
the surface thus reducing the chance of cracking of the deck as
shown in Fig. 14.
4. Conclusions
Preliminary experiments with the new innovative approaches con-
sisting of rubber-pressure mat impregnation and sulfur impregnation of
moist concrete show excellent promise for economizing, simplifying and
rationalizing the field techniques developed so far. Further work is
continued in this area as they show promise of easy adaptation for large
scale impregnation of bridge deck, highways and air field runways.
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Fig. 5 Appearance of Part of Slab Broke Open After Pressure Mat Impreg-
nation and Steam Polymerization. Note: The Full Depth of Impregnation.
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Fig. 10 Sketch of Experimental Set-Up for Impregnation of Sulfur
into Moist 3"x6" Concrete Cylinder
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Fig. 13 Large Scale Sulfur Impregnation of Sulfur into Concrete Slab
in the Laboratory
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A) Weight of Sulfur Flexes Concrete Down
Fig. 14 A + B: Weight of Sulfur Reduces Chances of Crack Formation
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INTRODUCTION
During the fiscal year 1972-73, six research projects in the
general area of structural concrete were active at Fritz Engineering
Laboratory of Lehigh University. The'titles of these projects. and the
research personnel associated with each,are as follows:
1. Prestress Losses in Pretensioned Concre~e Structural Members
(FL Project 339). T. Huang is the project director. E. G.
Schultchen ,and H. T. Ying were research assistants. This
project is scheduled to terminate by September 30. 1973.
2. Limit Analysis in Selected Concrete Problems (FL Project 370).
w. F. Chen is the project director. This project was termi-
nated on September 30. 1972.
3. Overloading Behavior of Beam-Slab Type, Highway Bridges
(FL Project 378A, 378B). C. N. Kostem and D. A. VanHorn
are project co-directors. J. M. Kulicki and W. S. Peterson
are research assistants.
4. Evaluation of Prestress Loss Characteristics of In-Service
Bridge Beams (FL Project 382). T. Huang is the project
director. J. Tansu is research assistant.
5. Development and Refinement of Load Distribution Provisions
for Prestressed Concrete Beam-Slab Bridges (FL Project 387).
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C. N. Kostem and D. A. VanHorn are project co-directors,
E. S. deCastro and M. A. Zellin are research assistants.
6. Polymer Concrete in Highway Application (FL Project 390).
This project is a joint effort undertaken by the Fritz
Engineering Laboratory, the Material Research Center and
the Center for Surface and Coatings Research of Lehigh
University together with the Pennsylvania State University.
The overall direction of this project is by Dr. John A.
Manson of the Materials Research Center.W. F. Chen is the
project co-director in charge of the participation by the
Fritz Engineering Laboratory. H. Mehta and E. Dahl-Jorgensen
are research assistants.
Each of these projects was financially supported by one or
more of the following agencies: Pennsylvania Department of Transportation;
U. S. Department of Transportation, Federal Highway Administration;
National Science Foundation; Reinforced Concrete Research Council; and
the National Cooperative Highway Research Program.
Contained in this report are brief descriptions of progresses
made on these projects. Also included are lists of reports and publi-
cations related to structural concrete authored by present or former
members of the Structural Concrete Division, Fritz Engineering
Laboratory, Lehigh University.
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OVERLOADING OF BEAM-SLAB BRIDGES
by
Celal N. Kostem
1. Introduction
Most bridges are occasionally loaded beyond the load levels
for which they were designed. For some structures this overloading may
occur more than occasionally, such as the structures in urban areas sub-
jected to heavy industrial traffic. Furthermore, even though the gross
tonnage of some of the vehicles may be comparable to the standard vehi-
cle, their configurations may be quite different as compared to the
standard design vehicle. These non~standard loadings may induce unde-
sirable stresses and deformations in the superstructure. It is of para-
mount importance to be able to predict the extent of these stresses and
deformations prior to the actual loading in order to determine if an
overload permit should be issued for a given vehicle.
Currently there exists no reliable technique to predict the
response of the superstructure subjected to overloading or to assess
the extent of possible damage, if any2,14.
The research project entitled Overloading Behavior of Beam-
Slab Type Highway Bridges is aimed at developing a method to determine:
1. The effects of overloading, and
2. The various loading stages throughout the ultimate load carry-
ing capacity of beam-slab highway bridge superstructures with
prestressed concrete I-beams.
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The end product of this research project will be a user
oriented computer program to perform a step by step analysis of a
bridge superstructure subjected to some vehicular loading. The input
to this program will consist of (1) the basic geometry of the struc-
ture, such as span, spacing, slab thicknesss, slab reinforcement pat-
tern, type of prestressed concrete ,I-beam, (2) basic estimated material
properties such as ~he strength of the concrete, yield point of the re-
inforcing rods and prestressing strand, Young's moduli, and (3) the
geometry and the magnitude of the wheel loads associated with the vehi-
cle in question. The output will be a step by step history of the re-
,sponse of the structure to the gradual application of that vehicle in
some position on the structure. The cracking and crushing of, the con-
crete and the yielding of the reinforcement will be indicated in a posi-
tive fashion, such as the printer plots distributed in the last Lehigh
Prestressed Concrete Committee meeting 3 •
This program is expected to pr~vide a sophisticated technique
to aid in the issuance of overload permits.
2. Work Plan
The computer based analytical investigation employs the finite
element displacement formulation. The complexity of the problem, as
well as the lack of previous investigations dealing with this problem,
have required the compartmentalization of the invest~gation into self-
contained phases. The developed techniques and the results correspond-
ing to each phase have been compared with the available experimental
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data, where applicable, to verify the validity and the accuracy of the
.formulation. Even though the experimental and analytical results deal-
ing with the overall problem are limited, reliable data are available
for most of the phases of the investigation (e.g. Refs. 4, 6, 12 and 13).
The general breakdown of the different phases of the research
is as follows:
1. Inelastic Beam Studies
a. Elastic-plastic beams
b. Reinforced and prestressed concrete beams
,2. Inelastic Slab Studies
a. Elastic-plastic slabs
b. Reinforced concrete slabs
c. Slab punching
3. Bridge Behavior
a. Elastic bridge response
b. Elastic-plastic bridge response
c. Response of bridges with elastic and elastic-plastic
slabs and prestressed concrete beams
d. Response of bridges with reinforced concrete slabs and
prestressed concrete I-beams
e. Parametric study of the overloading of bridges
Certain phases of the investigation have been completed and re-
ported. The completed phases, and the corresponding reports, are:
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l.a (Refs. 2, 11 and 13), l.b (3, 4, 5 and 7), 2.a (Refs. 11 and 13),
3.a (Refs. 10 and 12), 3.b (Ref. 13), and 3.c (Ref. 8). Those phases
still in progress are: 2.b (Ref. 9), 2.c and 3.d. The accuracy and the
generality of some of the methodologies were checked by extending the
formulation, such as the extension-of beam formulation to beam-column
formulation (Ref. 6).
The investigation on the overloading of beam-slab bridges has
permitted the development of sufficient experience and knowledge, and
thus permitted the inception of an investigation on the lateral load
distribution in beam-slab type highway bridges with prestressed concrete
r-beams1,lS.
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NON-LINEAR RESPONSE OF
REINFORCED CONCRETE SLABS
by
William S. Peterson
Celal N. Kostem
1. Introduction
This report describes a method for determining the non-linear
response of reinforced concrete slabs using the finite element method.
Comparisons between experimental and analytical load-deflection curves
are presented.
2. Finite Element Formulation
A detailed description of the finite element method is pre-
sented in Ref. 13. Only a brief summary of the relevant concepts are
included here.
The analysis of reinforced concrete slabs and beam-slab type
bridges requires the consideration of both in-plane and out-of-plane
displacements (Refs.l,2,3and 12). Three distinct types of stiffness
matrices describing the load-displacement relationship can be catagorized
as:
1. The in-plane stiffness matrix
2. The out-of-plane, or bending, stiffness matrix
3. The coupling stiffness matrix which interrelates the in-plane
and bending actions.
A thorough development of the relations defining these load~isplacement
equations can be found in Ref. 7.
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2.1 Displacement Functions
The out-of-plane bending displacement, w(x,y) is expressed
as a l2-term polynomial in x and y (Ref. 12):
w(x,y) = :3a l + a2x + a3y + a4x
+ asxy + a6~ + 3a7x
+ aa,(ly + a9x~
+ 3 + 3 + 3alOy a11x y a12xy
The in-plane displacements of the plate element are described
by (Ref. 12):
where u and v correspond to the displacements in th~ x and y directions
respectively. The coordinate system and displacement components are
shown in Fig. 1.
2.2 Strain-Displacement Relation·
The strain-displacement relations are derived using the thin-
plate small-deflection theory. The engineering strains can be expressed
as differentials of the u, v, and w displacements (Refs. 11, 12).
Proceeding in the usual manner, the strains can now be ex-
pressed in terms of the nodal point displacements by suitable equations
(Refs. 7, 11,12).
2-2
The element stiffness matrices are assembled to form the
can be found in Ref. 7.
2.3 Element Stiffness Matrices
procedure. The resulting system of equations
k
~
k
~
k
uu
-Tk
~
[k] =
Formulating the internal wor~ expression leads to the element
. .[F} ~ [K] [5}
global stiffness matrix, [K], in accordance with the finite element
The system is solved for displacement increments. A nonlinear problem
. .
relates the force increments, [F}, to the displacement increments, [5}.
where k '~~n' and k correspond to the inp1ane, bending, and coupling
uu yy u~
stiffness matrices respectively. Explicit expressions for these matrices
stiffness matrix:
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can be treated.in a piecewise linear fashion using this approach (Ref. 12).
2.4 Layering
Multi-axial bending of reinforced concrete slabs results in
a continuously varying biaxial state of stress in the concrete. Each
finite element will be divided into a series of layers through the depth
as shown in Fig. 2. The layering makes it possible to monitor penetration
of cracking and crushing of the concrete and the consideration of the
I
I
I
biaxial state of stress. The layer approoch assumes a uniform stress
within each layer. This implies a step-like variation of stress through
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the thickness of an element as indicated in Fig. 2.
The steel reinforcing bars are treated just the same as any
other plate layer, but of course the proper elasticity relationship
must be used. A separate steel layer is assumed for each set of rein-
forcing bars placed at a particular depth and angle to the x-axis as
shown in Fig. 3. Idealizing the reinforcing bars as a layer requires
the computation of an equivalent layer thickness. The equivalent
thickness of a steel layer is taken to be such that the total area in
a cross section perpendicular to the reinforcing bars remains the same.
3. Material Behavior
3.1 Biaxial Stress-Strain Relationships for Concrete
II A biaxial stress-strain relationship for concrete developed _
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I
I
I
I
I
I
I
I
I
by Liu (Ref. 6) has been modified and employed in the reported study.
The analytic stress-strain curves have been verified through comparisons
with experimental data (Refs. 5,6).
Review of the experimental stress-strain curves reveal the
need to define a non-linear stress-strain relation applicable to biaxial
stress-states involving compression. This equation is given as,
A + Be E
c
cr = (1 _ va) (1 + Ce + De2 )
A linear stress-strain curve applicable to biaxial stress states involving
tension was also indicated by the experimental data. This stress-strain
relation can be defined as,
cr Ge
In the above equ~tions A,B, C, D, G and a are the curve parameters,
2-4
I
I
I
I
I
I
as defined in Ref. 7'. Variables cr, e, E and \J correspond to the
. c .
principal stress and strain in the direction of interest, initial Young's
modulusJand Poisson's ratio for concrete respectively. These equations
provide a means for finding the tangent moduli of elasticity in the
principal directions. Following the procedure outlined in Ref. 6,
the concrete constitutive relations between engineering stresses and
strains can then be determined.
I
3.2 Cracked or Crushed Concrete
A layer is deemed cracked or crushed if the biaxial stress
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state of a particular layer exceeds the peak stress failure envelope
shown in Fig. 4. Sl and S2~ as shown in the figure, are principal
stresses and S. is the uniaxial compressive strength. After cracking
o
or crushing, the concrete is assumed to be effect~ve only in the uncracked
or uncrushed principal direction. This is accomplished by modifying the
constitutive relations.
Experimental evidence indicates .that after failure the concrete
stress-strain curve has an unloading branch (Ref. 5). The unloading
branch causes a redistribution of stresses from the cracked or crushed
.layer. This redistribution can be modeled through the use of fictitious
nodal point forces (Ref. 4). The layer is unloaded until the stress
level in the appropriate principal direction reaches a value of zero.
3.3 Steel Stress-Strain Relation
The steel reinforcing bars are considered to be in a .uniaxial
state of stress. The steel stress-strain curve is assumed to follow
the Ramberg-Osgood law (Refs. 4,8):
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In the above equation E and F correspond t~ Young's modulus and the
s y
yield strength for steel respectively. n is'a constant taken as 100
for mild steel and m is a constant taken as 0.7 for metals. The
Ramberg-Osgood law provides a mathematically continuous curve which, for
selective values of m and n,can be made to approach the elastic-
plastic stress-strain curve for steel. Thus, no change in the formula-
tion is required when the steel yields.
I 4. Test Results /
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Table 1 shows the test slabs for which experimental and analy-
tical comparisons have been made. Only the results for the reinforced
concrete beam, the simply supported slab with orthogonal reinforcement,
and the fixed-fixed slab will be presented here. All examples are
included in Ref. 7. Material properties are listed in Table 2.
4.1 Reinforced Concrete Beam
An 11 foot simply supported beam with a 6"x12" rectangular
cross-section was subjected to third point loading, producing a.pure
moment region in the middle third of the span (Ref. 4). The beam was
discretized into four finite elements as shown in Fig. 5A. Three number
5 bars were placed in each of two layers as shown in Fig. 5B.
Two analyses were carried out. The first used 6 concrete
layers and 2 steel layers as shown in Fig. 5B. The second used 10
concrete layers and 2 steel layers. The calculated and experimental
load-deflection histories are shown in Fig. 6. The analytlc curves
/
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show convergence to the experimental ultimate load as the number of
concrete layers are increased from 6 to 10.
4.2 Simply supported Slab with Orthogonal Reinforcement
A simply supported slab, 6'x6'xl-3/4" was loaded using a
simulated uniform load applied by 16 evenly spaced hydraulic jakcs (Ref. 9).
A quarter slab was discretized into 16 finite elements as shown in Fig. 7.
The slab was divided into 6 concrete layers and 2 steel layers through
the depth as shown in Fig. 8. Refering to the figure, T is the layer
s
thickness and e is the angle of the reinforceing bar direction to the
x
x-axis. The load-defiection history of the center point is presented
in Fig. 9. Good agreement can be observed in the post-cracking portion
and in the ultimate load region.
4.3 Fixed-Fixed Slab
A 6'x6'x4" square slab fixed on all sides was tested using a
concentrated center point loading (Ref. 10). The load was transmitted
to the slab through a steel bearing plate. Reinforcement consisted of
1/4" and 3/8" diameter mild steel bars.
A quarter of the slab was discretized into 16 finite elements
as shown in Fig. 10. The depth was divided into 6 concrete layers
and 4 steel layers as indicated in Fig. 11. The experimental and analy-
,
tical load-deflection histories are presented in Fig. 12. The slight
difference between the two curves is due to the fact that the experimental
slab was reported as having 90% edge fixity whereas the analytical
results are based.on full fixity. The idealized experimental andanaly-
tical crack patterns on top of the slab are shown in Fig. 13. The
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bottom crack patterns are shown in Fig. 14.
5. Conclusion
A finite element procedure using the incremental iterative
tangent stiffness approach has been developed for determining the in-
elastic flexural response of reinforced concrete slabs.
,Good agreement was obtained between the analytical and experi-
mental results.
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Beam/Slab
Support Conditions
Beam
Simple Supports
Corner Supported
(Square)
Simply Supported
,(Square)
Simply Supported
(Square)
Fixed-Free
(Rectangular)
Fixed-Fixed
(Square)
Table 1
Reinforcing Bar
Mesh Type
Orthogonal
Uniform
Orthogonal
Uniform
Diagonal
Uniform
Orthogonal
Variable
Orthogonal
Variable
Slab Types
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Cylinder Steel Yield
Strength Strength
5,000 psi 46.3 ksi
5,500 psi 50 ksi
4,600 psi 54 ksi
4,250 psi 61 ksi
3,600 psi 44.3 ksi
4,200 psi 44.6 ksi
Material Properties
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Table 2
Material Property
4"x4"x4" Cube Strength, F
c
:-4" (psi)
6"x12" Cylinder Strength, F~ (psi)
Tensile Strength, Ft (psi)
Youpg's Modulus for Concrete, E (ksi)
c
Compression Unloading Modulus, Ed (ksi)
c
Tension Unloading Modulus, Edt (ksi)
Poisson's Ratio for Concrete, v
Yield Strength of Steel, F (ksi)
. Y
Young's Modulus for Steel, E (psi)
s
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Beam
5000.
500.
3450.
1000.
800.
0.20
46.3
30.xlO'"
S.S. Slab F.F. Slab
5120. 5060.
4600. 4200.
370. 315.
4230. 3100.
1000. 1000.
800. 800.
0.20 0.20
54. 44.6
30.xl06 3Qxl06
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FURTHER STUDIES ON THE INELASTIC RESPONSE OF
REINFORCED CONCRETE AND PRESTRESSED CONCRETE BEAMS AND BRIDGES
by
John M. Kulicki
Celal N. Kostem
This paper represents a survey of research conducted within
the last year. Only a very few selected examples will be discussed in
detail. The paper is divided into three parts.
1. Parametric study on nonlinear beams.
2. Comparison with a laboratory test of a steel wide flange·beam.
3. A bridge with nonlinear prestressed concrete I-beams.
1. Parametric Study on Nonlinear Beams
1.1 Introduction
The following five areas of a nonlinear analysis technique for
beams were discussed at the last LPCC meetings. They are reviewed here
so that the items discussed in this report can be put in proper perspec-
tive •.
1. A uniaxial stress-strain curve for concrete was presented
based on the Ramberg-Osgood Law. The resulting tangent modu-
Ius of elasticity is:
I
I
1
I
E =
E
o
1 + N (l:m)( ~~ ) N-l
3-1
I
I Where: E = Initial modulus of elasticity
o
I cr Stress
I
I
I
I
N,m = Dimensionless parameters which have been defined
elsewhere 6 •
2. The tangent stiffness matrix for a layered beam element was
presented. Equilibrium equations were written about an off-
set reference axis for eventual coupling with reinforced con-
crete deck slabs.
I
3. A tangent stiffness, incremental iterative solution techni-
que was presented.
I
I
I
I
I
I
I
I
I
I
I
4. Considerations of flexural shear and principal stresses were
discussed.
5. Comparisons of experimental and analytic load-deflection
curves for tworeinforcecl concrete beams, four prestressed
concrete rectangular beams and seven prestressed concrete
I-beams were presented. All of the test beams, were loaded
with concentrated loads producing pure bending over a portion
of the span.
The purpose of the parametric study being reported was:
1. To investigate the sensitivity of the analysis technique to
discretization.
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2. To investigate the analytic behavior of beams when one or more
,
characteristic parameters are altered. Typically this dealt
with internal processing within the computer program which
performs this analysis.
3. To provide guidance to potential users about subjects like the
sensitivity of the analysis to normal engineering estimates of
material properties. Thus the parameters defining the analy-
1. The effect of the variation of the iteration tolerance using
2. The effect of a uniform load, as opposed to third point
loading 3.
I
I
I
I
I
I
1.2
3.
tic stre.ss-strain curve were explored in detail.
Scope
The parameters investigated in this study are listed below:
values of 1%, 5%, 10%, and 20%.
The effect of varying the yield strength of the strand from
225. to 265. ksi.
I
I
I
I
I
I
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4. The effect of draped strand, as opposed to straight strand.
5. The effect of the variation of the Ramberg-Osgood parameter
"m" for the values of 0.52, 0.72, and 0.92.
6. The effect of the variation of the Ramberg-Osgood parameter
"N" using the values of 7.0, 9.0, and 11.0.
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7. The effect of varying the compressive strength of the con-
crete ±600. psi from the base value of 6,610. psi.
8. The effect of varying Young's modulus ±600. ksi from the base
value of 4600. ksi.
9. The effect of varying the compressive strength ±600. psi and
using the procedure discussed in Ref. 6 to compute the other
stress-strain curve parameters.
10. The effect of the variation of the tolerance on the tensile
strength for the values of 1%, 10%, and 20%.
11. The effect of varying the tensile strength of the concrete
±100. psi from the base value of 530. psi.
12. The effect of using 2, 4, and 8 elements of equal length with
a small element at the centerline.
13. The effect of using 2, 4, and 8 elements of equal length with
a small element at a support.
14. The effect of using three steel layers with 6, 9, and 12
concrete layers.
15. The effect of using twelve concrete' layers with 1, 2, and 3
steel layers.
16. The effect of no compressive unloading, no tensile unloading,
no compressive and no tensile unloading and, finally, includ-
ing both types of unloading.
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17. The effect of varying the rate of compressive unloading from
1000. ksi to 4000. ksi.
Examples from only a small portion of this study will be
presented here. Reference 7 contains a detailed report on all subjects
listed above. All of the examples being presented involve under-
reinforced beams. Care should be exercised in extending the conclusions
to other c~ses.
1.3 Selected Results
1.3.1 A Uniformly Loaded Beam
Figure 1 shows a comparison of experimental and analytic load-
3deflection behavior for a uniformly loaded prestressed concrete beam •
The agreement between the experimental and analytic load-deflection dia-
grams is as good as that presented previously for beams subjected to
concentrated 10ads 6 ,8.,
1.3.2 Analytic Example with Draped Strand
Figure 2 shows analytic load-deflection curves for a 9" x 18"
I-beam pretensioned with six strand. In one case straight strand were
used with an eccentricity of 14.18 inches from the top of the beam. In
the draped strand case the end eccentricity was 14.18 inches but the
eccentricity in the central 7 foot of a 15 foot clear span was 15.33
inches. The effect of the draped strand was to increase the cracking
load and the ultimate load of the beam. There was also a decrease in
the analytic ultimate deflection.
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1.3.3 The Effect of the Analytic Stress-Strain Curve
The extensive study of stress-strain curve parameters in
Ref. 7 indicated that, for the type of problem being discussed, the
load-deflection curves were effected by the concrete compression para-
meters to the following extents.
1. Changing.E or f' caused the most change.'
c
2. Changing m caused less, but still significant, change.
3. Changing N caused almost no change.
Figure 3 shows the stress-strain curves which result from using 7.21,
6.61, and 6.01 ksi concrete and using the analytic stress-strain curve
described in Ref. 6. The corresponding Young's moduli were computed
using the Hognestad equation. The three concrete strengths would cor-
respond to -±10% uncertainty in estimating a strength of 6.61 ksi: The
resulting load-deflection curves are shown in Fig. 4 and represent the
effect of that -±10% uncertainty in concrete strength in this under-
reinforced example. The three distinct curves are a result of three
different Young's moduli caused by the three different values of f'.
c
The load-deflection curves form a narrow band of results except at the
ultimate load. The effect of increasing either, or both, f~ or E is to
increase the ultimate deflection.
1.3.4 The Effect of the Number and Discretization of Elements
As noted in items 1.2-12 and 1.2-13 two different discretizations
each having 3, 5, and 9 elements in a symmetric half beam were
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investigated. The discretizations are shown in Fig. 5. In one set of
examples the 1" element was over a s,upport while in the other set the 1"
element was at the centerline of a uniformly loaded beam. The centroid
of each layer is taken as the point where stress is measured. Thus the
position of a layer centroid with ,respect to the point of maximum moment
became quite important in the nonlinear analyses. By cross referencing
the results of both types of discretization it was possible to investi-
gate the following areas:
1. , The effect of the number of elements on'load-deflection
behavior.
2. The effect of discretization on load-deflection behavior.
3. The effect of the number of elements on the converged solu-
tion in the linear range.
4. The effect of the number of elements on the converged solu-
tion in the nonlinear range.
5. The effect of discretiza~ion on the converged solution in
the linear and nonlinear ranges.
This study generated much information. Only the conclusions
which are of most interest to the practitioner are stated below:
1. The method converged in the elastic and inelastic range to a
deflected shape and to a load-deflection curve as the number
of elements was increased.
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2. Good discretization speeds both types of convergence but is
I
especially important in the inelastic range.
3.' Good results can be obtained with relatively few elements if
care is given to the size and position of the elements.
2. Comparison with a Laboratory Test of a Steel Wide Flange Beam
A comparison of analytic versus experimental behavior of a
steel wide flange beam was also_conducted to show the versatility of
the method. A "fixed ended" 8 X 40 beam 14 feet long under third point
loading was selected from the test series by Knudsen, Yang, Johnston
and Beedle4 • The properties of the section are given in a table in
Ref. 7.
Two types of stress-strain curves were used; (1) elastic-
plastic, (2) elastic-plastic-linear strain hardening. These stress-
strain curves were accommodated within the Ramberg-Osgood based formu~
lation. Strain hardening was assumed to start at a strain of 0.017 in/in'
scaled from Ref. 4. Each of these stress-strain curves was used with
and without an assumed residual stress pattern from Ref. 1. The 'residual
stress pattern shown 1n Fig. 6 results from using a maximum compressive
residual stress equal to 30% of the yield strength of the steel. The
elemental discretization and layering are shown in Fig. T.,The layering
scheme resulted in the approximate residual stress pattern shown dashed
in Fig. 6.
The four load-deflection curves resulting from the combination
of stress-strain curves with and without residual stresses are shown in
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Fig. 8. The overall agreement is quite good. The analytic curve cor-
responding to strain hardening and residual stresses appears to be
closest to the experimental results.
It can be seen that the experimental and analytic results
differ significantly between deflections of about 0.3 inches to 0.9
inches. This difference reaches about 7-1/2% at a displacement qf about
0.4 inches but is less over the rest of the range. There are several
reasons for this discrepancy.
1. The "fixed end" of the beam was framed into a supporting
connection which was not perfectly rigid.
I
2. The residual stress pattern assumed is only approximately
representative of steel beams. The welding required a~ the
I
I
I
I
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I
"fixed ends" would change the residual stress pattern
drastically.
3. The layering used in this example was relatively crude. If
extensive studies on steel beams were to be carried out in-
eluding residual stresses more layers would be desirable.
3. A Bridge with Nonlinear Prestressed Concrete I-Beams
3.1 Introduction,.
The purpose of this work was to demonstrate that the nonlinear
reinforced or prestressed concr,ete beams could act as part of a larger
analysis technique designed to predict the overload response of
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beam-slab bridges. In this .context the slab will be assumed to act in
a linear elastic fashion. Studies into the nonlinear response of rein~
forced concrete slabs are nearing completion9 • Some portions of an ex-
isting program were used in this studylO.
3.2 The Four Beam Bridge Model
I
Figure 9-A shows the four beam bridge used in this ~nvestiga-
tion. This bridge was modeled after the White Haven Bridge tested by
Lehigh University so that a geometrically acceptable structure would be
obtained 2 • The box beams on the White Haven Bridge were replaced by
the I-shape shown in Fig. 9-B. This shape is the result of using both
side walls in the original box beam to form the web of the I-beam, the
area, center of gravity and moment of inertia about the major axis of
the· I-shape are the same as the original box beam.
Figure 9-A shows that advantage was taken of symmetry about
both axes in the plane of the slab. Four plate and four beam elements
were used as shown. The span, spacing and slab thickness are also shown
in Fig. 9. Details of the analytic prestressing and concrete properties
can be found in Ref. 5.
Figure 10 shows the load-deflection curve for the bridge
center under the action of an increasing uniform load. A distinctly
nonlinear response is noted. A force ratio of 1.0 is defined, in this
case,as the normalized load at which the most stressed beam layer is at
90% of its cracking stress. The corresponding load is 442 pounds per
s~uare foot. The displacement ratio of 1.0 is defined as the normalized
3-10.
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deflection at a load ratio of 1.0. The corresponding deflection of the
bridge center is 0.92 inches. If a linear response were always obtained
the force ratio would always be equal to the displacement ratio.
'The load-deflection curve approaches the two horizontal lines
in Fig. 10 marked "maximum" and "AASHO". The maximum force ratio 'is
based on an ultimate moment comput~d by assuming the whole bridge to act
as one beam with the steel at yield stress. The "AASHO" force ratio
corresponds to the application of the ultimate strength equations found
in the AASHO code to the single beam analogy.
Figure 11 shows the response of the centerlines of both beams.
The force ratio is plotted versus the ratio of the displacements of the
exterior and interior beams. The ratio of displacements is a constant
in the initial linear elastic response. When the interior beam cracks
its deflection grows relative to the exterior beam. Once the exterior
beam cracks the two beams begin to approach the same deflected position.
Thus the curve in Fig. 11 reverses its direction and reaches a displace-
ment ratio much closer to 1.0 than the original linear response.
The following areas of bridge response have been investigated
with the four beam bridge model:
1. The response to five different types of loading.
2. The effect of a von Mises (elastic-plastic) slab instead of
an elastic slab.
3. Lateral load distribution during nonlinear response.
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4. Preliminary considerations of the effect of the torsional re~
\
sistance of the I-beams. The torsional stiffness of the
I-beams has not been included in the work 'presented here.
These additional areas of research are to be in~luded in Ref. 5
3-12
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
REFERENCES
1. Galambos, T. V.
'STRUCTURAL MEMBERS AND FRAMES, Prentice-Hall, 1968.
2. Guilford, A. A. and VanHorn, D. A.
LATERAL DISTRIBUTION OF VEHICULAR LOADS IN A PRESTRESSED
CONCRETE BOX-BEAM BRIDGE, WHITE HAVEN BRIDGE, Fritz Laboratory
Report No. 315.7, Lehigh University, August 1968.
3. Hanson, J. M. and Hulsbos, C. L. .
ULTIMATE SHEAR STRENGTH OF PRESTRESSED.CONCR,ETE BEAMS WITH WEB
REINFORCEMENT, Fritz Laboratory Report No. 223.27, Lehigh
University, April 1965. "
4. Knudsen, K. E., Yang, C. H., Johnston, B. G. and Beedle, L. S.
PLASTIC STRENGTH AND DEFLECTIONS OF CONTINUOUS BEAMS, The
. Welding Journal Research Supplement, May 1953.
5. Kulicki, J. M~
THE INELASTIC ANALYSIS OF PRESTRESSED AND REINFORCED CONCRETE
BRIDGE BEAMS, Ph.D. Dissertation, Lehigh University, Under
preparation.
6. Kulicki, J. M. and Kostem, C. N.
THE INELASTIC ANALYSIS OF REINFORCED AND PRESTRESSED CONCRETE
BEAMS, Fritz Laboratory.Report No. 378B.l, Lehigh University,
November 1972.
7. Kulicki, J. M. and Kostem, C. N.
FURTHER STUDIES ON THE NONLINEAR FINITE ELEMENT ANALYSIS OF
BEAMS, Fritz Laboratory Report No. 378A.5, Lehigh University,
April 1973.
8. Kulicki, J. M. and Kostem, C. N.
NON-LINEAR RESPONSE OF REINFORCED AND PRESTRESSED CONCRETE
BEAMS, Report to Lehigh Prestressed Concrete Committee,
August 1972.
3-13
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
9. Peterson, W. S. and Kostem, C. N.
THE NONLINEAR ANALYSIS OF REINFORCED CONCRETE SLABS, ~ritz
Labor~tory Report No. 378B.3, Under preparation.
10. Wegmul1er, /A. W. W.
FINITE ELEMENT ANALYSIS OF ELASTIC-PLASTIC PLATES AND
ECCENTRICALLY STIFFENED PLATES, Ph.D. Dissertation,
Department of Civil Engineering, Lehigh University, 1971.
3-14
-~ ..- - - - - - - - - - _. - - - --.'- - - -
Fig. 1 Load-Deflection Curves - Uniform' Load
.'
_.- - - - - - - - - - - - - - - - - -
w
I
......
'"
o
0:::
t"J
I
,~
C
-.:-
-co
l
I
I
c I
C~
"<1'
Draped Strand
'Straight'Strand
I
.OOG .70a 1.1100 1,750
I
2.100
MI05PRN OI5PL
Fig. 2 The Effect of .Draped Strand - Concentrated Loads
5TRri I f,JX ~ 0
Fig. 3 The Effect of i\nalytic Compressive Stress -Str-ain Curves
I
.020
\ .
.015.010o.Goa
D -f-.......,:------r
o
L1
CJ
3-17
CJ,.....
L._
a
\[)
t.i·~
o
L1
C
o
L..l
o
CJ
C)
<.:1
r-
,....,
0
= 6.01 ksiC1
CJ
~.
(f) f' = 6.61 ksi(J) c
LL:
~.
f' 7.21 ksir- =
VJ D cL1
CJ
(.)
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I'
I
I
-------------------
w
I
'I-'
00
CJ
IT
o
.-J o
-c'
cr; j
I
I
o
C"l
"<;
o
u
o
.oco .3~.iG
= 7.21 ksi
= 6.61 ksi
= .6 .01 ksi
.7GO
MIOSPRN OI5PL
t.niG
I
2.100
Fig. 4 The Effect of Analytic Compressive Stress-Strain Curves - Concentrated Loads
I
I
I
I
I
'I
I
I
I
'1
I
I
I
I
I
I
I
I
I )
h 5_2_U ----oj.."....".__._5'2_11 -------:.-._~
(0)
I. . 26" ' 1 26" -L 26"- J- 26 11 lJ... .'
(b)
··~~.W~
(c)
Fig. 5 Elemental Discrctizations .
\ .
3-19
3-20.
+7.08
Approximate and Analytic Residual Stress Distributions,
Stress in ksi
- 11.33
-11.33
+7.08
+3.97
-2.15
-8.27
-11.33
-11.33
Fig. 6
I
I
I
I
I
'I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
~
I
-
t·
3-21
r
I
I
Elemental anD Layering Discretization of a Steel BeamFig. 7
.-
,
,
.-
,
.-
,
~
,
~2"41: 8 11 2@14 11 ~I· 8
11 4" 2 11 2@14" I
r I T- "l~ "n' -
I
I
I.
I
I
I
I
I·
I
I
I
I
I
I
I
I
I
I
I
- - -' - - - - - - - -. - - - - - - .- -
\.600l. t OOI.Z00
Analytic with Strain Hardening
And with Residual Stresses
Analytic with No Strain ·Hardening
or Residual Stresses .
TTExact lT Numerical Integration
Experimental Results
. Analytic \V'i th Strain· Hardening
But with No Residual Stresses
1.oro.eoo ,,500,./lOOt~OO
8
o
8
o0-r----r-----,----r----"-....----,.-----,.----r----,---r-----r---
Fig. 8 Analytic and Experimental Load Deflection Curves
:.
(B)
3-23
(A)
-------'--..-,..-------, /~
Fig. 9 The four BellJll Bridge ~1o<1el
~ I .- )-T 71/2 11( i
_I
-
I
lOll =(»
())
N
~.
r0
-0-
- f-- -
-LD 1--- --------1
-'- -
1r-__--"2:::.-:5'-"S:-:....6-,,-7,--1_' _-<"_~4129,33 II .\
I
I
I
I
I
I-
I
I
I
I
I
I
I
I
I
I
I
I
I
- - - - - - - - - - - - - - _. - - - -
2 3 4 5
DISPLACEMENT RATIO FOR POINT :fJ:9
7
<t/
,
~3 --r6_---:1'/_9_ - ct
2
AASHO
Maximum1.5
o
o 1.0
~
0:::
w~ U
N 0:::
.p.. 0
lJ.- 0""
.:>
Fig. 10 Load-Deflection Curve for Point No. 9
- - _. - - - - - - - .- - - - - - - _.-
o
0.5
I Ist Cracking
( Interior)
/<t..
,
3_-----,6.-:.-~/-·_9 __ Ck.
1st Cracking_~
( Exterior)
1.5
o 1.0
t-
<r
cr:
w
U
0:::
o
IJ...
W
I
N
\"..,
0.20 0.40 0.60
DISPLACEMENT RATIO 87/oS
0.80
Fig. 11 Ratio of Beam Deflections
I
I
I
I
I
I
I
I
I
.1
I
I
I
I
I
I
I
I
I
REINFORCED CONCRETE BEAM-COLUMNS
by
John M. Kulicki
Celal N. Kostem
1. Introduction
This report contains a summary of results from a;pilot study on
the application of the finite element method to the inelastic analysis of
beam-columns 5 •. The objective of the ~tudy was to extend an existing
formulation and relevant computer program, developed for the inelastic
analysis of beams, to solve beam-column problems too. The layered beam
;
element, incremental iterative procedures and stress~strain curves used
in this study have already be~n reported 3 ,4 •
Consistent with the nature of a pilot study only those changes
actually necessary to generate preliminary results were made. The
changes in coding were minimal. It was noted during this work that
other, more extensive; changes to coding and to the solution process
would enable more efficient and slightly more accurate results to be
obtained. Suggested improvements can be found in Ref. 5.
Results of numerical investigations on steel and reinforced
concrete beam-columns subjected to concentrated midspan lateral loads
are compared to existing analysis techniques via interaction curves.
The load-deflection curve of a given beam-column is also obtained as
p~rt of this analysis. The load-deflection curve approaches but does
not extend past the maximum load of the beam-column.
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2. Additional Theoretical Considerations
The p-~ effect caused by the deflection of the beam-column can
be included by using a geometric stiffness matrix. The geometric stiff-
ness matrix relating the axial force to the bending displacements
through the second order strain-displacement equations is given by Eq. 1.
P is the axial force assumed positive if it causes tensions.
0
0 1.2/t Symm.
0 -1/10 4t/30
[KG] = P (1)
0 0 0 0
0 -1. 2/t 1/10 0 1.2/t
0 -1/10 -t/30 0 1/10 4t/30
Combining Eq. 1 and the first order stiffness matrix, [K],results in
the equilibrium equations for the displaced beam column.
(2)
{F} is the incremental force vector and {oJ is the incremental displace-
ment vector.
After assembly of element stiffness matrices and, application
of the boundary conditions these equations can be solved for {oJ as
described in Ref. 3
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3. Numerical Results
3.1 Steel Wide Flange Beam-Columns
The cross-section and elemental and layering discretizations
used here are' shown in Fig. 1. Previous studies using the original com-
,
I
puter'program indicated that the number and posit~on of the elements and
layers used here are more than adequate for this study 6. Figure 2 shows
a comparison of interaction curves for a concentric axial load reported
by Lu and Kamalvand'. using the column-deflection curve method. Chen 1 ,
using the column-curvature method and the results of this study shown by
the dashed lines. The general agreement is quite good.
Figure 3 shows the load-deflection curves for various pipy
ratios and an L/r ratio of 140. L is the length of the beam-column and
r is its radius of gyration about the bending axis. This figure shows
.that increasing the axial load reduces the ability to carry lateral load
and also reduces the stiffness of the beam-column. If the geometric
stiffness matrix had not been included all of the curves in 'Fig. 3
would have the same slope in the linear range. Reference 5 contains
similar figures for L/r equal to 20 and 80.
Figure 4 shows interaction curves for the same beam-column
with an eccentric axial load. Comparisons with column-curvature results
by Chen 1 :show excellent agreement. The load-deflection curves can be
found in Ref, 5 •
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3.2 Reinforced Concrete Beam-Columns
The rectangular, doubly reinforced section used by Chen and
Chen2 was also used here. The cross-section, shown in Fig. 1, has equal
compressive and tensile steel areas totaling 6.72 square inches. The
nominal compressive strength of the concrete was 3.0 ksi. Chen and Chen
used Hognestad's stress-strain curve' to define their moment-thrust-
curvature relations which assumes a 15% reduction in compressive
strength for beam-columns. Accordingly, a peak stress of 2.55 ksi was
used in both analyses. The yield stress of the steel was 45.0 ksi.
The resulting interaction curve .for the concentric axial load
case is shown in Fig. 5. It can be seen that the results of both analy-
ses agree quite well for the curves with Lit = 20 and 30. t is the
depth about the bending axis. The agreement with the previouslyre-
ported results for Lit ~ 10 is not as striking but is stili within·
about 5% for a given value of pip. The differences in the stress-
- 0
strain curves used in the two approaches probably ~ccounts for most of
the difference in the results.
One set of load-deflection curves is shown in Fig. 6 for
Lit g 20. The remaining two sets can be found in Ref. 5. It will be·
noted that these curves do not appear to be as systematic as those
presented in Fig. 3. There are two reasons for this:
1. As shown in Fig. 5 it is possible for this concrete beam-
column to support a larger lateral load for s~me values of
axial load than it can without the axial load.
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2. The effect of cracking appears as a relatively early change
'in the slope of the load-deflection curves. The amount of
change depends on the extent of the spread of cracked layers
along and into the beam-column.
The previously noted decrease in stiffness with increasing
axial load is still evident before cracking starts.
Figure 7 is the interaction diagram for an eccentrically
loaded reinforced concrete beam column. Good agreement with the work
of Chen and Chen is found again. The finite element results do not
extend as far along these interaction curves because of limitations in
the current iterative procedure. It is felt that these limitations can
be removed if future studies are conducted.
4. Conclusions from the Pilot Study
It can be concluded that the incremental iterative finite
element method using a layered beam element can-provide solutions to
inelastic beam-column problems. This method is relatively laborious
compared to other existing methods assuming that they have been applied
to a given problem. It does, however have several advantages which
might prove useful in future beam-column studies:
1. A wide range of loadings can be handled. There is no
intrinsic difference between one concentrated load, several
concentrated loads, uniform loads, symmetric loads or un-
symmetric loads.
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2. Boundary conditions can also be handled easily. There is no
change in the formulation required for different boundary
conditions.
3. There is no need for an a-priori moment-thrust-curvature
relationship.
4. There is nothing conceptually prohibitive about changing the
order of the loadings or using simultaneous (but proportional)
axial and lateral loads.
5. The previous work with prestressed concrete beams would indi-
cate that they could also be treated by this method 3 •
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LOAD DISTRIBUTION IN PRESTRESSED CONCRETE
BEAM-SLAB BRIDGES
THE LEHIGH RESEARCH PROGRAM
by
David A. VanHorn
The Lehigh University research program on load distribution in
. prestressed concrete bridges has been focused on one broad primary ob-
jective: To develop new'and improved specifications for the considera-
tion of live-load conditions in the analysis and design of beam-slab
type bridges. The overall program was! initiated in 1964, and has been
continuous since that time through the,conduct of several specific pro-
jects. ,The work has been concentrated on two specific superstructure
types', the spread box-beam and the I-beam.
During the past year, a significant achievement was realized
through the acceptance by the AASHO of a new specification for live-load
di~tribution in spread box-beam superstructures. This specification
was developed directly from the project work, and was presented (by
D. A. VanHorn) for consideration at the four 1972 regional meetings of
the AASHO Committee on Bridges and Structures. Approval was confirmed
at the Annual Meeting of the AASHO in Fall 1972, and the specification
now appears in the 1973 edition of the AASHO Standard Specifications for
Highway Bridges, as shown on the following page.
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1.6.24 - BOX GIRDERS
(AI Lateral Distribution of Loads for Bending Moment ...
( 1) Interior Be9ms
The live load bending moment for each interior beam in a
spread box beam superstructure shall be determined by applying
to the beam the fraction (D.F.) of the wheel load (both front and
rear) determined by the following equation:
2NL SD.F.= N
B
+k L
where NL=number of design traffic lanes (as defined as N in
Art. 1.2.6)
NB=numberofbeams (4 ~ Nn ~ 10)
S= beam spacing, in feet (6.75 ~ S ~ 11.00)
L= span length, in feet
k= 0.07W -NdO.10NL -0.26) -0.20Nn-0.12
W=roadway width between curbs, in feet (defined as Wc
in Art. 1.2.6) (32 ~ W ~ 66)
(2) Exterior Beams
The live load bending moment in the exterior beams shall be
determined by applying to the beams the reaction of the wheel
loads obtained by assuming the flooring to act as a simple span
(of length S) between beams, but shall not be less than 2NdNn.
. (B I Effective Compression Flange Width·
, In girder and fl~nge construction, consisting of a stem with top
and bottom slab, effective and adequate bond and shear resistance
shall be provided at the juncture of the girder and the shib. The slab
may then be considered an intergral part of the girder, but its effec-
tive width as a girder flange shall not exceed the following:
(1) One fourth of the span length of the girder
(2) The distance center-to-center of girders
(3) Twelve times the least thickness of the slab plus the width
of the girder web.
For girders having a flange on one side only, the effective over-
hanging width shall not exceed the following:
(l) One twelfth of the span length of the girder
(2) One half of the clear distance to the next girder
(3) Six times the least thickness of the slab .
• The provisions of Article 1.2'.9. Reduction in Load Intensity. where not applied in the
development or the provisions presented in (1) nnd (2) ~hove. '
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The acceptance and publication of this speci~ication repre-
sents a first step in what is envisioned as a series of several new
provisions which will emanate from the Lehigh program, and which will
(hopefully) significantly enhance the approved design guidelines for
prestressed concrete bridges, available to bridge engineers.
During the past year, the Lehigh project work has been con-
centrated on studies of the I-beam superstructure. This work has been
conducted under two projects: PennDOT 72-4 - Development and Refinement
of Load Distribution Provisions for Prestressed Concrete Beam-Slab
Bridges, and PennDOT 7~-12 - Overloading Behavior of Beam-Slab Type
Highway Bridges. (The work on the latter project has been described
in the previous sections of this report.)
The primary objectives of PennDOT 72-4 are:
1. To develop new specification provisions for live-load distri-
bution in prestressed concrete I-beam bridges, paralleling
the currently proposed provisions for spread box-beam bridges.
2. To expand the already-completed live-load distribution pro-
. visions for the spre~d box-beam bridges, and th~ provisions
for the I-beam bridges proposed above in objective 1, to
include provisions for consideration of the effects of skew.
3. To extend the analysis and specification development to cover,
for simple-span construction, (a) the effects of intermediate
diaphragms, and (b) the' effects of curb-parapet sections.
Finally', a pilot study will be conducted to investigate the
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possib~lity of extending the analysis and specification devel-
opment to cover continuous-span construction.
Progress on the work toward objectives 1 and 2 is reported in
the following reports by M. A. Ze11in and E. S. deCastro, respectively.
On the current schedule, it is anticipated that a proposed new
specification for live-load distribution in I-beam bridges will be com-
pleted prior to the end of 1972. Pending eventual approval by the pri-
mary sponsoring agencies, plans are being made for presentation of the
proposal at the 1974 regional meetings of the AASHO Committee on Bridges
and Structures~ In addition, work will be continued toward the attain-
ment of objectives 2 and 3.
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ANALYTICAL MODELING
OF
PRESTRESSED CONCRETE I-BEAM BRIDGES
by
Martin A. Ze11in
Ce1a1 N. Kostem
1. Introduction
Investigations in different modeling techniques of prestressed
concrete I-beam bridges are presented in this report. These investi-
gat ions were performed as part of the initial studies of The Development
and Refinement of Load Distribution Provisions for Pre-Stressed Con-
crete Beam-Slab Bridges. The purpose of the investigations presented
are two-fold. First, the verification of the finite element formula-
tion for beam slab bridges developed by Wegmu11er and Kostem. 1 This
formulation is being usep in the study of lateral load distribution.of
right bridges. Second, to obtain the most accurate and efficient
bridge model to be used in the study of lateral load distribution.
The analytical modeling techniques were used in comparison
with field test results obtained by Fritz Laboratory on the Lehighton
Bridge. 2 A cross-sectional view of this bridge is shown in Fig. 1.
2. Analytic Modeling
Several areas were studied in the analytical modeling of the
deck slab and the curb and parapet section.
2.1 Appropriate Slab Bending Span
Figure 2 shows a typical segment of the cross-section of the
Lehighton Bridge. The circles in the slab portion indicate the node
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points of the finite elements in the analysis. Thus there are two
elements over the top flange of each beam and two elements between
the beams. This will be considered' a "fine mesh" analysis. One in
which there are four slab elements between the beam center lines. As
is seen in Fig. 2 a portion of the slab between the beams is supported
by the relatively stiff flange section of the I-beams. The fine mesh
discretization allows for modeling the effect that the beam flanges
have on the bending span of the slab between the beams. To model this
bending span an orthotropy factor (D ) is introduced in the slaby
elements. The slab elements over the flanges are given an orthotropy
factor of 100.0. This means the ratio of stiffness in the slab elements
over flanges in the transverse direction to the longitudinal direction
is 100.0. In effect this will allow the slab portion over the flanges
to deform in the longitudinal direction and be considered rigid in the
transverse direction. The slab elements between the beams will re-
main iS9tropic, i.e., the orthotropy factor is unity. The effects of
introducing this orthotropy factor are shown in Fig. 3. The position
of the test truck in this figure, as well as succeeding figures, is
indicated by the wheels and axle. The percentage of the' total cross-
sectional moment carried by an I-beam is plotted for all beams of the
bridge. This figure shows a comparison of the results of analyses
with and without the flange orthotropy factors. Field test results
are also shown.' It can be seen that results including the orthotropy
factor have a closer correlation to field test results.
Another method of modeling the appropriate bending span of
the slab is to use the discretization indicated in Fig. 4. This
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discretization is a "regular mesh" analysis, where there are two slab
elements between the beam center lines. Again in this modeling tech-
nique an orthotropy factor is introduced. This factor is approximated
as the square of the ratio of the center to center beam spacing to the
flange to flange spacing. For the Lehighton bridge this orthotropy
factor was computed to be 1.69. This is the ratio of stiffness in
the transverse direction to the longitudinal direction. The effect
of using this orthotropy factor is shown in comparison with the pre-
vious fine mesh model in Fig.S. This figure shows that there is a
very small difference in modeling the slab using the fine mesh model
or regular mesh model. Be~ause both models yield essentially the
same results the second would be prefered in the analysis. It requires
fewer elements in the transverse direction and therefore there is a
reduction in the computational effort which results in a more economic
analysis.
2.2 Modeling of Bridge Deck with Permanent Metal Deck Form
In, the modeling of the Lehighton Bridge slab another question
,arises due to its physical structure. The slab was poured over'a per-
manent metal deck form which runs in the transverse direction, Fig. 6. 3
To model the effect of the deck' form another orthotropy factor can be
I
introduced. This orthotropy factor, as indicated in Fig. 7, is a ratio
of moments of inertia. I' for the transverse direction and I for the
longitudinal direction. I' is defined as the moment of inertia of
the slab section including the metal deck form. I is the moment of
inertia of a slab of nominal thickness. For the Lehighton Bridge this
ratio of the stiffness in the transverse to longitudinal direction is 1.48.
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The results of including this factor in the analysis is shown in Fig. 8.
It is seen from this figure that by including this factor in the analysis
there is a better agreement with the field test results.
2.3 A Further Investigation on Slab Discretization
An investigation was also performed to see the effect of
different discretizations on the analysis. Figure 9 shows these dis-
cretizations. The regular mesh, Fig. 9.A, which was defined in Sec.
2.1, will be compared to a discretization, which requires fewer slab
elements, Fig. 9.B. This discretization contains only one slab element
between the center lines of the beams. The effect of varying the
discretization from two to one elements between beams is shown in Fig.
10. It is seen from this figure that there is no perceptible differenceI
I
between either modeling techniques.
the appropriate orthotropy factors.
Both of these techniques include
1
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2.4 Modeling the Curb and Parapet Section
In order to verify that the analytic model accurately repre-
sented the physical situation it was also necessary, to make a pre1imin-
ary investigation to assess the effect of the single curb and parapet
section of the Lehighton Bridge. Figure 1 shows this curb and parapet
section on the right side. Figure 11 shows a cross-section of the curb
and parapet used on the Lehighton Bridge. In the analysis the sec,tion
is considered as a beam element. Two different models were studied:
1) The section is considered to be fully effective, that is the sec-
tions total cross-sectional' properties are included in the analysis,
2) The section is considered to be partially effective, that is only
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the cross-sectional properties up to the dashed line indicated in Fig.
11 are included. This partially effective curb and parapet was used
to compensate for the construction joints placed at intervals along the
curb and parapet. Both modeling techniques are compared to the,field
test results in Figs. 12 and 13. In Fig. 12 the test vehicle is positioned
as far as possible from the curb and parapet section, which is on the
right side. In comparing the two models with field test results it is
(
seen that there is very little difference between the models. Figure
13 shows the test vehicle positioned as close as possible to the curb
and parapet section. In this position it is seen that the fully effec-
tive curb and parapet section over estimates ~he moment carried by the
right most beam while the partially effective curb and parapet section
has a very good correlation with the field test results. Thus from
Figs. 12 and 13 it could be concluded that as the load approaches the
curb and parapet that section becomes more significant in the distri-
bution of vehicular loads. These studies have also indicated that the
partially effective section is a more realistic model of the curb and
parapet.
2.5 Comparison of Final Model with the Lehighton Field Test Results
Figures 14, 15, and 16 show.additional comparisons of analytic
and field test results for the Lehighton Bridge. The analytic model
utilizes the flange orthotropy factor, the permanent metal deck form
orthotropy factor and the partially effective curb and parapet section.
The regular mesh was used. All three figures indicate good agreement
between analytic and field test results. The maximum difference be-
tween analytic and field test results never exceeded 6%.
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3. Conclusions
1. The Finite Element method is an accurate method for analyzing
I-beam bridges.
2. A sophisticated and efficient model has been developed for
use in studying lateral load distribution.
3. The permanent metal deck form and top flanges of the beams
stiffens the slab in the transverse direction. This stiff-
ening effect can be accounted for by using an "orthotropy
factor".
tion of live load. The section will be included in later
5. The curb and parapet section is effective in the distribu-
I
I
I
4. The number of elements between beams can be reduced without
a significant loss in accuracy but with a considerable in-
crease in efficiency.
I
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portion of the project.
4. References
1. Wegmu11er, A. W., and Kostem, C. N.
FINITE ELEMENT ANALYSIS OF PLATES AND ECCENTRICALLY STIFFENED
PLATES, Fritz Engineering Laboratory Report No. 378A.3,
February 1973.
2. VanHorn, D. A., and Chen, C.
STRUCTURAL BEHAVIOR OF A PRESTRESSED CONCRETE I-BEAM BRIDGE--
LEHIGHTON BRIDGE, Fritz Engineering Laboratory Report No.
349.4,October 1971.
3. VanHorn, D. A., and Chen, C;
SLAB BEHAVIOR OF A PRESTRESSED CONCRETE I-BEAM BRIDGE--
LEHIGHTON BRIDGE, Fritz Engineering Laboratory Report No.
349.5, July 1971.
6-6
,----------------~--
•
0'1
I
.......
Fig. 1 Cross-Section of Lehighton Bridge
----------------,---
0-
•00
SLAB ELEMENTS OVER FLANGES Dy =100,0
SLAB ELE~1ENTS BETHEEN BEA~1S Dy = 1.00
Fig. 2 Fine Mesh Discretization
61
x rrn.o lTST RU5UUS
o [XCLUCHNO- flRNGE fliCTf3R
11 I1iCLUD WG- rLrW~Gf f'fiCTDR
o
6-9
R.ER~1 r~U~1BER
Fig. 3 Moment Percentages
1. 0 -
60
20
50
40
30
-10 l----l.-__' L_9]{] 0fi__L-_--L__
234 5
MOMENT
PERCENTRGE
I
I
I
.1
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
- - - - - -.- - - - - - - - - - - - -
81"
63"
0\ :
I .
I-'
0
= (81)2Dy = 1.69\63
Fig. 4 Regular Mesh Discretization
... ----, M:
r
61
o fU~E MEfiH
x RECULH~. Mf:SH
a
Fig. 5 Moment Percentages
10
6-11
20 '
50 -
40
30
60
-1 0 I_~_---,I-'-'~i1Q~ --L'_----'-__
234 5
BERM r'~U["lBER
MOM[r~T
PERCENTRGE
I
I
I
··1
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
---------_._--------
" @ t II.....·5 6 .,,r 12
1/,,11/" I," II"/14jl 4 1/41'4 \ . ".
. Corrugated
. Steel
Ij. 5" .j
...
,
Fig. 6 Transverse Cross-Section of Slab
•
- - - - - - _. - - - - .- - - - - - - -
0'\
I
.....
W
Transverse I'
I' = 294, 3 IN I 4
Dy = 1'= 1.48I .
Fig. 7 Slab Moments of Inertia
LongitudJ.nal I
. ·'4I = 198,48 IN.
6-14
Fig. 8 Moment Percentages
)( nEl.l] H~5T RE5UL T5
b fLR~'lOE R!'-iD njR1-1 F~iCTOR I NCLUJ[~J
o I NCLUO U~G- ONL.Y FLR!~[~: HiCTlJR
10
20
40
50
0
-10 {[Eil-[}
1 2 3 4 5 6
BERM NU~1B[R
30
t-10MENT
P[RCENTRGE
60'
I
I
I
-I
"I
I
I
I
I
I
I
-I
I
I
I
I
I
I
I
-------------------
TWO SLAB ELEMENTS BETWEEN BEAMS
(A)
0-
I
.....
Vt
ONE SLAB ELEMENT BETVJEEN BEAMS
(8)
Fig. 9 Slab Discretizations
61
A TWa PLRTE5 BETWEEN BERM5
X f-[["' n T,·(.,T f~f·C" JI Te-....... L", \ .WL L v
o
Fig. 10 Moment Percentages
6-16
10 -
20
40
30
ilfl=l][f.
-1 a1__...1-_-"---_ --'---'-----
234 5
BERf1 NU~1B[ R
MOflENT
PERC[NTRGE
60
I
I
I
·1
I
I
I
I
I
I
"I
I
I
I
I
I
I
I
I
! '- 0"
3'-1 3/4"
.2
PennDot 24/45
beam
\'
6-17
9" ,'-3"
I
I
o,t'
I
Curb and Parapet Section
-I-----!-..,.--- - - - - - - -
Fig. 11
•
'1'- I"
7.5"
I
I
I
I
I
I
..1
I
I
I
I
I
I
I
I
I
I
I
I
._.
I
I
I
I
I
I
I
I
I
I
'I
I
I
I
I
I
I
I
I
Mor1ENT
PERCENTRGE
, .
60
50
40 -
30
20
10
o
1
o c mm p r-PRTIF.LLY EfFECTIVE
t:. .r: RN2 P fUL.lY r:ffECTrVE
X n[LO TEST R[SULT5
2 345 6
BERM· r'~U~'1BER
Fig. 12 Moment Percentages
6-18
Mor1E~4T
PERCE!'JTRGE
60
I
I-
I
I
I
I
I
I
I
I
-I
I
I
I
I
I
I
I
I
50
40 -
30 -
20 -
10
o
o C RNO P PRRTlRL.LY EfT[CTIVE
6 C AND P FULLY Ef"fECTrVE
x FrEI.O TEST RESULTS
1 2 3 4 5-
BERr'1 NU~'1BER
Fig. 13 Moment Percentages
, 6-19
6
MOMENT
PERCENTRGE
60
I
I
I
01
I
I
I
I
I
I
'I
I
I
I
I
I
I
I
I
50 -
40
30
20 -
10
o
-10
x nr:l.O Tt~5T Rf.5UL T5
o R~F.LYTrC Rf5ULT5
BERt"l r~U[,-18ER
Fig. 14 Moment Percentages
6-20
MD~lENT
PERCENTRGE
60
I~ --,-I'__
I
I
I
"I
I
I
I
'I
I
I
'I
,I
I,
I
I
I
I
I
I
50
40
30
20
10
o-
-10
x nEIG n~5T RF5ULT5
o RNRLYHC Rf5UL T5
1 234 5
BERM NU~'18[R
. Fig. 15 Moment Percentages
6-21
6
621
o RNALYTIC RESULTS
X f'[[I.O TeST RfSULT5
6-22
Fig. 16 Moment Percentages
10
40 -
o
20 -
50
30
-1 0 l__~_-'--_--I.Ic[}-[k=OO=-==--.L.-I--' =' -"=' --i...1----'__
345
MOMF~~T
PERCENTRGE
60
.' i
I
I
I
-I
I
I
I,
I
,I
I
·1
J
I
I
I
I
I
I
I
I
I
II
,I
ON THE ANALYSIS OF SKEWED BEAM-SLAB BRIDGES
by
Ernesto S. de Castro
Ce1a1 N. Kostem
'1. Introduction
II Skewed bridges are common structures encountered in highway
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I
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bridge construction. Present design practice however, ignores the skew;
and the bridge superstructure is designed as an equivalent right bridge.
The objective of this investigation is to determine the live
load distribution factors for skewed beam-slab bridges. The study is
parallel to the current investigation in right bridges. This
report presents some of the problems associated with the skew and out-
lines a possible ~nalysis procedure.
The skew bridges being investigated have identical, equally
spaced beams parallel to the direction of traffic and supported by
parallel abutments. For the purpose of analysis, the slab thickness
is considered to be constant throughout the structure.
Bridge dimensions for a right bridge and a skew bridge are
shown in Fig. 1. ~ is the skew angle measured from a line perpendicular
to 'the axis of the beams and the abutment line as shown in Fig. lb.
The skew' center-line is defined as the midline between abutments.
Section M, as shown on Fig. 1a and 1b, is determined by connecting the
points of maximum moment in each beam. The equivalent right bridge has
the same dimensions and properties as the ,skewed bridge except that the
skew angle ~ is .zero.
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2. Problem of the Skew
The general understanding about skewed beam-slab bridges is
that the maximum moment in a beam is reduced when compared to an equi-
valent right bridge (Refs. 1,2,3). Just how much the moment is reduced
for a given angle of skew and a set of bridge variables is not known
exactly.
The position of the loading necessary to produce the absolute
maximum moment in a beam is also not known. It is reported that the
maximum response occurs with the drive wheels near the skew mid-span
(Refs. 2,3). However, for a short bridge with a large skew, some other
position of' the vehicle may produce the maximum response.
Figure 2 is ,an influence surface for moment at midspan in
the middle beam of a 5-beam bridge. The figure is a finite difference
solution with the following simplifications: 1) the beam can only
provide vertical support to the slab, 2) the edge beams on each side
of the bridge are located at the edge of the slab, and 3) Poisson's
ratio is taken to be zero. The highest ordinates are connected by
a heavy, dashed line. The most critical truck loading position would
,
probably be with the drive axle near this line. The deviation of the
line of maximum ordinates from the skew centerline towards the obtuse
angle support can be noticed.
Section M has not been determined for skewed bridges. The
possible sections where moments can be computed for a lateral load
distribution analysis are shown on Fig. 3. The appropriate section
must be computed because the lateral load distribution factor is computed
from the maximum moment carried by each individual beam. The true
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position of this section could be determined only from the influence
surfaces for each point of each beam. The practical necessity for such
a detailed analysis will be evaluated from a pilot study.
Although not directly related to the lateral load distribution
study, the matter of reactions in skew bridge structures can be important
in understanding the overall behavior of the bridge. Consider the plot
of bearing reactions for a skew model plate with two parallel sides
simply supported and the other two sides free as shown in Fig. 4 (Ref. 4).
It can be observed that the reaction at the acute angle corner can be
very large compared to the other support reactions. The reactions at
the acute angle corner and some interior supports can become very small.
For beam and slab bridges, the reactions may be as varied, depending on
the ratio of the beam to slab stiffness.
3. Pilot Study. Parametric Study and Distribution Factors
The work can be greatly simplified if the load position to
be used in dete~ining the desired moment can be approximated by lo-
cating the drive axle on the skew centerline. A pilot study will reveal
if there is any significant difference between the moment respo~se
caused by the load at this position and the moment by the same load at
the more exact location. Influence surfaces can be generated for
selected bridge configurations that cover the range of dimensions en-
countered in practice. This study may also provide a practical and
consistent approximate location for the section at which to measure the
response. Once the section is defined, procedures currently empo1yed
to determine distribution factors in right bridges will be used.
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As in the investigation for right bridges, a parametric study
will be done, this time including the effects of skew. It
would be desirable if the distribution factor for skew bridges can be
expressed as a modification of the distribution factor of a corresponding
right bridge. This way, the skew angle can be stmply related to the
distribution formula being developed for right briqges.
4. Finite Element Solution
The analytical solution scheme to carry out the above work
is based on the finite element technique. Figure 5 shows a typical
discretization employing beam elements and parallelogram plate elements.
The beam and the slab are modeled as an eccentrically stiffened plate
where the beams are acting fully composite with the slab. The procedure
is analogous with that for right bridges which uses beam element~ and
rectangular plate elements. Nevertheless, a rederivation of the pro-
perties of the finite elements and the modification of the algorithm
are necessary to include the skew angle.
The analytical results using the finite element analysis will
be compared with model tests on skew plates (Ref. 4), field test results
~
, .
on skew slab-bridges with edge beams (Ref. 5), and the small-scale ex-
perimental skewed I-beam tests (Ref. 2).
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USE OF POLYMERS IN HIGHWAY CONCRETE
J. A. Manson1 , W. F. Chen2 , J. W. Vanderhofe,
H. C. Mehta2 , E. Dahl-Jorgensen2 , Y~N. Liu1
COLLEGE OF ENGINEERING
LEHIGH UNIVERSITY, BETHLEHEM, PA. 18015
PROBLEM AND OBJECTIVES
1. Introduction
Deterioration of concrete bridge decks, reduction of skid
resistance on concrete surfaces, unacceptable concrete wear rates,
and a need for thinner and stronger cohcreteslabs are problems that
confront every state highway department. The public experiences con-
siderable inconvenience and expense as a result of obstruction to traffic
caused by reconstruction and making repairs as necessary. Among the
major deficiencies of some of the concrete presently used are high
permeability, low strength, cracking, low wearing ability, and spalling.
The mechanisms causing deterioration include frost action, differential
expansion and contraction, reinforcement corrosion, chemical attack,
traffic loads, and wear.
Polymer-impregnated concrete has been reported to provide
significant increases in strength and durability. However, present
developments and techniques have not progressed to the extent that they
are adequate for field use; therefore, more work in this area is required.
The over-all objective of this project is to develop the
technology for the economical use of polymers to improve the service-
ability of concrete in highways. The immediate goal of this project
IMaterials Research Center
2Fritz Engineering Laboratory
3Center of Surface and Coating Research'
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concerns economically feasible methods for impregnation of both old
and new concrete bridge decks in place.
To avo~d unnecessary duplication of effort, the work will
be structured to consider all known related work completed or in
progress at such institutions as the U.S. Bureau·of Reclamation,
Brookhaven National Laboratory, and the University of Texas.
More specifically, the work is to include the following:
1. Selection of a chemical system such as methyl methacrylate
or polyester-styrene and appropriate catalysts, accelera-
tors, etc.
2. Development of field techniques and apparatus for surface
impregnation of concrete using the selected chemical syste~.
The apparatus will be scaled for field use on bridge decks,
although not necessarily developed to the stage of a pro-
duction item.
3. Evaluation of the effectiveness of the technique as related
to (a) properties and condition of the concrete to be im-
pregnated, (b) preparation of concrete.for impregnation, and
(c) properties of impregnated concrete (especially durability,
skid resistance, abrasion resistance" strength, impermea-
bility, etc.).
4. Demonstration of the techniques in the field on one or.more
exist}ng bridge decks, and tests thereon as in Task 3(c).
At least one of the decks will be chloride-contaminated but
otherwise souund except for areas of steel corrosion. Im-
pregnation to the bottom of the top layer of reinforcement,
8-2
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I or to a depth of 4 in., will be sought. ,
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5. Preparation of a manual describing procedures that may be
used to routinely impregnate concrete bridge decks.
The program is being conducted jointly by Lehigh University
I
and the Pennsylvania State University.
Specific experimental work included: (1) development of engineering
2.1 Technical Progress
II The major effort was directed towards the system selection,
field technique development, and evaluation phases of the work plan.
I
I
II
I
date on the rate of penetration of monomer; (2) testing of prototype
impregnation equipment on concrete slabs; (3) development of freeze-
thaw test equipment; (4) determination of mechanical properties as,a
function of monomer composition; (5) co~e sampling from bridge decks;
(6) analysis of results in terms of probably field requirements .
II
I
I
. Major accomplishments include: (1) development of a general
rate-of-penetration relationship which can be used to predict penetra-
tion times in the field; (2) demonstration that drying of the concrete
is the prerequisite to penetration in depth; (3) complete impregnation
of 6-inch-thick concrete slabs.' Details are discussed below.
I 2.'2 Impregnation of Cylinders
I The impregnation of small mortar (1"x2") and large concrete(3"x6") cylinders having varying water-cement ratios was initiated in
I
I
I
order to test reproducibility of casting, impregnation, and curing.
Tests in progress include both high and low viscosity monomers, inclu-
di~g: Epoxy resisn, vinyl monomers such as methyl methacrylate (MMA),
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butyl methacrylate (BMA) , isobutyl methacrylate (IBMA) , trimethylol-
propane trimethacrylate (TMPTMA) , some mixtures of these, and styrene.
Concretes were selected to resemble the standard and light-weight types
studied previously by the Brookhaven National Laboratory group, and
the steel-wire reinforced type being studied at the University of
Sheffield. Slab impregnation was also begun using a standard concrete
(w/c ratio, 0.5).
As shown by measurements of mechanical properties and by
visual examination, reasonably consistent results were usually {though
not always) obtained, as long as an azo catalyst was used in place of
the earlier choice of benzoyl peroxide. Typical results are described
below.
Characterization and Testing: Table I and Fig. I give
typical values of stress-strain properties for MMA specimens evaluated
so far. It may be concluded that results agree rather well with
results r~orted by, for example, BNL investigators. While optimiza-
tion of strength is not a major goal, the values reflect the efficiency
of penetration. Thus the ranking MMA 4> MMA 2> MMA 1> MMA 3 corresponds
to the ranking in polymer loading (from 6.0 to 4.9%), which in turn
reflects variations in experimental conditions. The azo catalyst used
in MMA 4 is clearly advantageous; lack of evacuation in MMA 3 is dis~
advantageous. A latex-modified concrete, L25, is shown for comparison.
While the aim of th~ program is to reduce permeability to
water, and not to raise the level of any specific mechanical property
per se, maintenance of a low permeability in service will be limited
by freeze-thaw stability; It is important therefore to determine what
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mechanical properties are required for optimum freeze-thaw and imper-
meability performance. For example, a ductile and somewhat rubbery
pol~er such as a po~ymer of butyl acrylate (BA) may, even if relatively weak, be better
for this purpose than a strong but brittle polymer such as a polymer of
MMA. Also, monomers such as BA offer advantages such as lower volatility
and flash point than MMA.
This impregnation of Ix2 inch mortar and 3x6 inch concrete
cylinders was further continued, to determine the rate of penetration
of various monomer systems, the effects of drying and salt contamina-
tion. and the variation of mechanical properties as a function of
polymer composition. The cylinders were prepared according to ASTM
C-l09 (mortar) and C33-67 (concrete) and cured for 28 days in water
(mortar) or a mo is t room (concrete). For mechan ical property tes ts,
the cylinders were dried at 125-150° C, and evacuated for 15 'and 60
mins. in the case of small and large cylinders, respectively. Cylinders
were then immersed in monomer containing 0.5% azobisisobutyronitrile
(AZN) until impregnation was complete (~5-7% loading); pressure was
applied to the large cylinders using a special chamber.
Polymerization was effected by immersing the cylinders fn a bath of
water held at 70°C; after 4 hrs. polymerization was essentially complete.
Compositions, process parameters, and polymer loadings are summarized
for concrete cylinders in Tables 2 and 3.
As shown in Figs. 2 and 3, an unexpectedly great range of
ductility was found to be obtainable by copolymerizing MMA with BA
in.concrete specimens, when measured in compression or tension (the
la~ter provided by the split-tensile test). In general, ductility
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was noted to be inversely correlated with strength and modulus (Table 4).
Similar results were observed in mortar specimens studied under the PSEF
program. In the case of the small mortar specimens, which were tested
under constant-strain conditions rather than the constant-load conditions
used for the concrete cylinders, ductility was manifested by yielding
and a subsequent decrease of stress rather than by an increase in the
ultimate strain.
2.3 Impregnation of Slabs
. The feasibility of obtaining impregnations to a depth of
6 inches was demonstrated on 24x24x6 inch concrete slabs using a proto-
type pressurized impregnation device (Fig. 5) similar to that described
in Fig. 4. Six such slabs were prepared using a 1:1.92:6.10:6. 75
water-portland cement (Type 1) sand-coarse limestone aggregate (maxi-
mum size 3/4 inches), with nominal steel reinforcement at a depth of
4 'inches from one .face. Four holes were provided for bolting down the
impregnation device. Two of the slabs were steam cured and the rest moist
cured for 28 days.
Since drying has been shown to be a critical requirement for
impregnation, all the slabs were dried to constant weight. A typical
procedure of impregnation polymerization performed on the slabs is
described below.
The first slab was placed on supports with its lower surface
exposed (Fig. 5). The impregnation device consisted of'a 6xlO inch
chamber welded to a 20x20xl inch steel plate, equipped with suitable
gages and valves to permit convenient filling with monomer and pressuri-
zation during impregnation. The device was bolted to the slab, separated
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by using a l6-inch circular neoprene gasket. This method of attachment
was used to equalize the pressure so as not to exceed the maximum
allowable load for bridge decks of 150 lbs/sq ft. A 90:10 methyl
methacrylate (MMA)-trimethylolpropane trimethacrylate (TMPTMA) mixture
containing 0.5% azobisisobutyronitrile was applied at a pressure of
30 psi. After 17 hours, a dark spreading patch of monomer appeared
on the underside of the slab and grew to a diameter of 18 inches in
'24 hours.
After the impregnation device was removed, a ~-inch layer
of sand, was spread on the area enclosed by the gasket, and enough
monomer was poured on the sand to wet it. This technique was used
by Fowler et al., to minimize evaporative losses during polymer-
ization. The slab was then wrapped in polyethylene film, and live
steam was played on its surface for 5 hours (2 hours to reach 75°C
plus 3 hours for polymerization to high conversion). The polymer
loading was calculated to be about 6%.
The slab was then broken to show that the polymerization
had proceeded to high conversion (only a slight monomer ,odor was
detectable) and that the appearance of the fracture cross-section
was similar to that of other PIC specimens. Figures 6 and 7 show
that the circular section of the slab was impregnated, 21 inches
in diameter on the top and 18 inches in diameter on the bottom.
The bottom ~-inch layer was light in color, indicated some evaporative
losses during polymerization.
Closer examination with a magnifying glass showed that in
the impregnated area fracture occurred through the aggregate particles,
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but in the unLmpregnated region, around the aggregate particles,
especially near the lower face of the slab. These are attributed
speculatively to the water drops which move upward during setting and
curing and become entrapped underneath the aggregate particles. The
voids in the" upper 3~-inch thickness were either filled or completely
lined. while those at greater depths were filled only partially or not
at all.
Three more slabs including one salt contaminated were impreg-
nated at different vacuum and pressure and polym~rized as described above.
Cores. from polymerized and control slabs are taken for a
comparative evaluation of abrasion, permeability and freeze-thaw resis-
tance.
In order to study the effects of surface contamination of
decks (due to oil, grease, rubber, dirt, and salt) on impregnation,
a special impregnation chamber has been designed for the impregnation of
3x6 inch cylinders, (cast or cored from laboratory slabs) 4-in. cores
from actual bridge decks, and is currently being fabricated. The chamber
will permit impregnation from one side, in order to model the field
situation, and will be used to evaluate the role of surface preparation
techniques such as washing and scrubbing.
The freeze-thaw t~st equipment has been installed and checked
out, and some preliminary tests have been carried out. Impregnated and
unimpregnated 3x6 inch concrete cylinders, as well as cores taken from
bridge decks, will be tested according to ASTM C-67l-72T. Also, !some
rapid freeze-thaw tests will be run. Furthermore, long-term freeze-
thaw tests will be carried out using various rubbery and glassy polymers
as impregnants. to determine their effects on the polymer-concrete bond.
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2.4 Pressure Impregnation of Bridge Decks: Discussion
Laboratory results show that pressure enhances the impreg-
nation of concrete with monomers and thus should be considered for the
field application. However, most highway bridges are designed to
withstand a maximum loading of 150 lbs/sq ft. or about 1 psi. This
limits the pressure that can be applied to the bridge deck unless it
is equalized in some way (e.g., by bolting the impregnation device to
the concrete substrate as shown in Figs. 4 and 5.
Let us assume that the rate of penetration is approximately
proportional to the applied pressure, 6P, as is the case for a number
of expressions for hydrodynamic flow, and that the depth of penetration
.t is proportional to the volume of monomer impregnated, then we would
have the following relationship between the depth, time, and pressure:
.t '"' K t ~ 6P ( 1)
where K is a constant for a given monomer and for a given porosity
of concrete. The rate of penetration would ,then become inversely
proportional to t~ (as is observed) as well as proportional to 6P,
and the time to penetrate a given depth would in turn be proportional
2 ' ~to (6P) • Thus, the proportionality to t 2 results in rates that
become slower and slower the deeper the impregnation, but that are
strongly sensitive to 'pressure, if Eq. (1) is correct.
As shown in Table 5, preliminary results are remarkably
consistent with our'tentative Eq. (1). For the first slab the predicted
time for full penetration of 18 hr. is within the range observed,' 17-24
hr. This is true for the other slabs, where predicted time range based on Eq. (1)
fits closely the observed range. Thus the benefits of applying even the modest
pressure of30 psi are clear, at leastwith respect to reducing the penetration time. Sine
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the potential usefulness of using cylinders to predict approximate
penetration in actual decks is great, the validity of Eq. (1) for a
variety of specimens and conditions is being tested. For example
one would expect salt to lower the slope, and evacuation and pressure
to raise it. It would indeed be useful to be able to predict impreg-
nation conditions neede~ for any actual deck by making use of data on
sample cores.
2.5 Impregnation in the Field: Discussion
To achieve monomer penetration to depths of 4 inches or more
in the field: (1) the concrete substrate must be thoroughly dried;
(2) sufficient time must be allowed for the impregnation; (3) the
monomer system must be selected, not only for its cost and mechanical
properties, but also for its rate and uniformity of penetration.
The results presented above show that the concrete substrate
must be thoroughly dried to achieve penetration depths of 4 inches
or more. In the laboratory, this drying has been accomplished in
an air oven or by evacuation. The app_t~cation of these techniques
to the field present formidable technical problems. Therefore, other
methods should also be evaluated, e.g., hot-air drying outside an oven,
evacuation from top or bottom, flame impingment, microwave drying,
electro-osmosis heating or, air7f10w-through drying. Preliminary
experiments with the hot-air, evacuation, and air-flow-through drying
methods are already in progress.
The foregoing results also show that the rate of penetration
varies with the square root of time, i.e., progressively longer times
are required to achieve deeper penetrations. Mo~eover, it is unlikely
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that the rates of penetration will be increased much beyond those
exhibited by such liquids as acetone and methyl methacrylate, i.e.,
further experimentation is expected to result in minor rather than
major increases. The rate of penetration may be increased by pressure
or vacuum, but the application of these methods to the field also
present formidable technical problems •. Nevertheless , the prototype
pressure impregnation device has been shown to work in the laboratory
and, should furnish' the basis for development of a field model (Fig. 8).
Thus, pressure (or vacuum) impregnation m~y be required, not only because
it is faster, but because it may be the only practicable way to achieve
deep penetrations. ,
To impregnate a sound-but-contaminated highway or bridge
deck and thus improve its durability does not require much improve-
.'
ment in its mechanical properties--the concrete as applied has the
requisite strength--but instead the sealing of the concrete against
the penetration of water and salt solutions. Thus, the abilitY,of
the polymer-concrete bond to withstand prolonged freeze-thaw cycling
may be more important than a dramatic increase in composite compressive
strength. Indeed, the lower-strength BA composite used -above the
second-order transition temperature of PBA may prove more durable than
the corresponding MMA composite used below the second-order transition
temperature of PMMA. In any event, this ability to resist freeze-thaw
cycling must be determined by experiment. Preliminary plans for wide-
spread testing of the various monomer candidates are now being formulated.
i
2.6 Immediate Future Plans
1. Dete~ine the effect of various water-removal techniques on
8-11
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the rate of penetration and equilibrium monomer sorption;
2. Determine the effect of pressure on the impregnation of both
cylinders and slabs;
3. Investigate the surface treatment and impregnation of test
cores, cylinders, and slabs, which are characterized for
salt content and distribution;
4. Initiate freeze-thaw studies on selected monomer systems
(e.g., MMA, BA, lEMA);
5. Conduct a trial impregnation at the PSU Test Tract Facility;
Arrange for investigators to visit other facilities and
present papers at American Chemical Society symposium
"Polymer-Impregnated Solids".
The general rationale of the project is to move to preliminary
field tests as soon as possible, using systems demonstrated to work in
the laboratory, and to use small-scale tests to refine and optimize
this system.
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Table 1 Ultimate Strength of Polymer-Containing Concretes
Table 2 Polymerization Procedure for Concrete Cylinders P"x6")
aLatex-modified
bYoung's modu1us;·for the control and L25 'spe(;:imens are the '''secant
modulus" measured at ~ ultimate strength. The "tangent modulus"
are given for the other specimens.
5.3
5.3
6.0
Young's Modulus
ksi x 10
0.62Control
Drying Vacuum Pressure
No. of Polymer Time, Temp. , Time, Mercury, Time, psi
Specimens System hr. °c hr. in. hr.
8 100% MMA 10 125 1 20 1 60
8 90% MMA 10% BA 10 125 1 20 1 60
8 70% MMA 30% BA 10 125 1 20 1 60
8 50%MMA 50% BA 10 125 1 20 1 60
..
. .
8 none; control
specimens
Specimens Tensile Strength Compressive Strength
ksi . ksi
MMAl 1.27 14.4
MMA2 1.36 16.0
MMA3 1.19 15.2
MMA4 1.51 19.6
L25a 0.83 8.9
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Table 3 Polymer Loading in Concrete Cylinders (3"x6")
*Young's modulus for the control and 50% MMA + 50% BA specimens is the
"secant modulus" measured at ~ ultimate strength. "Tangent moduli"
are given for the other specimens.
Ultimate Strength of Concrete Cylinders (3"x6")
3.8*
3.5*
5.0
5.4
6.7
o
7.2
7.2
6.9
6.8
4.4
Polymer Loading
% (Average)
10.5
15.6
15.2
17 .2
1.62
1.60
1.07
1.71
0.43
Tensile Strength Compressive Strength Young's Modulus*
ksi ksi ksi x 103
Specimens
Control Specimens
70% MMA 30% BA
100% MMA
50% MMA 5070 BA
90% MMA 10% BA
Specimens
Table 4
Control Concrete
70% MMA 30% BA·
50% MMA 50% BA
100% MMA
90% MMA 10% BA
I
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Table 5- Times for Penetration of Styrene and MMA to Various Depths in Concrete
Applied Pressure Depth, in. "Time, Observed
Specimen psi Predicted,* Hr.
3x6 in 0 6 76
cylinder
0 4 36
0 2 10
24x24x6 in. 30 6 17-24 18
slabs
II 40 (+ 3 hours vacuum) 6 7-8~ 7-10**
" 80 (+ l~ hours vacuum) 6 2-3~ 2-3**
" (0.3% salt contamin~tion) 60 (+ l~ hours vacuum) 6 5-7~
00
I
..... *By equation (3) .'0\
**Values estimated from the range of penetration time observed, 17-24 hours for the first slab assuming
equation (1) holds and vacuum treatment produces approximate average over pressure of 6 psi.
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Fig •.4 Laboratory Hodel for Pressure Hat Impregnator
(Pressure Hat
is Tied to Slab by Heans'of Inserts;
for use at Pressures > 10 psi)
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Fig. 5
I •
Prototype Pressure Impregnation Device for
24x24x6 inch Slabs and Test Set Up
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Fig. 6 Cross Section Through the Broken Impregnated Slab.
Note the ~" Loose Sand Layer on Top Surface
Fig, 7 A Close-Up View'of the Broken Section. Note the Aggregate
Pullout in Unpregnated Left-Hand Corner
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PRESTRESS LOSSES
Ti Huang
1. Introduction
The study of prestress losses in pretensioned concrete members'
has been in progress at Lehigh for seven years. Project FL 339 (Penn-
DOT Research Project 66-17) was initiated in October 1966, for the
purpose of establishing a rational procedure for prestress loss predic-
tion. This project involved mainly the testing of laboratory-stored
specimens and comput,erized analysis of data. Previously scheduled to
terminate in September 1972, it has been extended for one year until
September 30, 1973. A second project (FL 382, PennDOT Research Project
71-9) was started in September 1971, and involves primarily field
observation on an experimental bridge.
2. Development of the Rational Procedure
2.1 Definitions ..
Prestress is defined to be the stress rem~ining when all
external loads (including mem~ers' own weight) were temporarily and
instantaneously removed. Thus, the direct elastic stres~es caused by
the external loads are excluded from prestress, but the long term
(creep) effect of the dead load stress is included.
The reference point for prestress losses is the stress in
the tendon immediately upon anchoring to the prestressing bed. There-
fore, losses due to friction and anchorage slippage are not included.
I
I
I
I
2.2 Basic Procedure
Stress-strain-time relationships for concrete and prestressing
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steel were empirically developed from long term data collected from
centrally prestressed concrete specimens and constant length strand
specimens. For a given pretensioned concrete member, these two
material characteristic relationships are linked by the time and strain
compatibility and equilibrium conditions. Adding an assumption of
linear strain distribution across the depth of the member, the stress
and strain history of the member can be completely determined once
the geometry and initial conditions are given. Besides the character-
is tics of the materials, the factors controlling the prestress losses
include the following:
k l = Transfer time, the period from initial tensioning (and
anchoring) to transfer of prestress
k2 .. Initial strain in steel, alternately and more conveniently,
k2 could be replaced by the initial steel stress f sl
S .. A geometrical parameter indicating the "degree of prestress"
1
= ---.-.;;;---
A (_1 + Y\)'
ps A Ig g
where A = Area of prestressing steelps
A ,e ,I = Area, eccentricity and moment of inertia, respectively, ofg g g
th~ gross concrete section
f ~ Concrete fiber stress at c.g.s.;caused by all applied loads.
ct
2.3 Parametric Study
A computer program was developed to study the significance of
the aforementioned factors in their effects on the loss of prestress.
~rom an extensive parametric study, several important observations
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were made.
1. Concrete shrinkage and creep characteristics vary signi-
ficantly even when a single minimum strength requirement is
imposed. The actual concrete strength may vary by 50%, and
the resulting variation of prestress losses could be equally
high.
2. The four major components of prestress losses are extremely
intimately interdependent. Superposition of separately
evaluated components is inappropriate.
3. The transfer time k1 directly controls the pre-transfer
relaxation loss, and has an important influence on the stress
condition immediately after transfer. On the other hand, its
effect on the "final" prestress loss, after extended period
of time, is negligible.
4. The time of application of external permanent load has very
little effect on the total prestress loss after extended
period of time.
5. The growth of prestress loss with time is approximately
linear with respect to the logarithm of time. '
2.4 Practical Procedure
A practical procedure for prestress loss calculation, suitable
for use by design engineers, was developed from the basic procedure by
a number of simplifications and approximations. It involves three
steps, for es~i~ating the prestress loss at initial stage, final stage
and intermeaiate stage, respectively.
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1. Initial loss: Immediately after transfer, the prestress loss is
IL = REL! + EL
. where
REL I = Relaxation loss occurring prior to transf~r. Its value
is dependent upon the initial tensioning stress f
sl and
the transfer time k l , and is evaluated by Fig. 9-1.
EL = Elastic transfer loss = ni f c3
n.= Initial modular ratio, varying from 5 to 7
~
I
I
I
I
I
Concrete prestress
f
sl - REL I
!3 + n i - 1
at c.g.s. at transfer time
I
I
2. Final loss: At end of service loss, taken as 100 years after
transfer, the total prestress loss is-
TL ,..., SRL + ECR - LD
f /f SRLs pu
0.5 24-42 ksi
0.6 39-46
0.7 39-53
0.8 50-62
ECR = 2.2 n.f 3~ c
LD = 2 n.f t~ c
I
I
I
I
I
I
I
I
where
SRL = A value dependent upon f
sl ' to be taken from the following
table, where f is the guaranteed ultimate tensile strength
__ pu
of prestressing steel.
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3. Intermediate loss: At any intermediate time, the total prestress
loss is
PL = IL + 0.22 (TL - IL) log t
c
where
t = Time after transfer, in days.
c
\
The complete details of the development of the':rationa1
procedure are contained in several interim reports as well as the
final report of research project 339 (Interim report FL 339.6, March
1972; FL 339.7, May 1972; final report FL 339.9, preliminary draft,
January 1973).
was drafted, the AASHO Committee on Bridges and Structures, Subcommittee
on Prestressed Concrete was nearing completion of its consideration of
a proposed revision ,of the AASHO Specifications, Section 1.6.7(B)
Prestress Losses. Consequently, with tne encouragement and endorsement
of the Pennsylvania Department of Transportation, the findings of
project 339 were transmitted to the subcommittee immediately. At the
1973 regional meetings of the AASHO Committee, excerpts of the final
report (Appendix A, Implementation Statements, containing the recommended
practical procedure, a commentary and an illustrative example) were dis-
tributed to members of the committee. Also, oral presentations were
given on a comparison between the Lehigh recommendation and a proposal
which was then being supported by the subcommittee. During and since
the AASHO regional meetings, the researcher at Lehigh had held numerous
conferences with memb~rs of the AASHO subcommittee, researchers elsewhere
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and the AASHO-PCI committee of the Prestressed Concrete Institute.
Numerous changes have been made to the original AASHO subcommittee
proposal, a number of these changes were made in line with the findings
of the Lehigh research.
4. Field Evaluation
The primary purpose of research project 382 (PennDOT 71-9) is
to evaluate the prestress loss calculation procedure developed from
project 339 agiinst bridge members under an outdoor in-service condition,
and to adjust the procedure if necessary. The field work is being
carried out on an experimental bridge, at the Pavement Durability Test
Track near State College, Pa., in conjunction with two other research
projects undertaken by the Pennsylvania State University.
The bridge is a two span two lane structure, 36 ft. wide and
having span lengths of 60 ft. C.c. of bearings. The main superstructural
elements are twelve PennDOT standard 20/33 I bearns, topped by a 7~ in.
concrete deck. Prestressing of the I beams were' achieved by thirty-four
~ in. 270 K strands. Both standard stress-relieved strands and the
low relaxation '''stabi1ized~' strands were used. The fabrication and
construction of the experimental bridge was done during the first half
, of 1972. Test track traffic was started in October of 1972. At the
present time, about one half of the intended traffic load application
has been applied. After the completion of traffic loading, the bridge
is scheduled to be statically loaded to failure (most possibly tn the
deck), and then demolished. A second experimental bridge will then be
built at the same location for other studies. The time schedule! for
the demolition and rebuilding has not been fixed.
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Field observation of the pretensioned I-beams consisted of
Whittemore gage measurements of longitudinal concrete strains across
the midspan section of the members •. Unloaded but pretensioned creep
specimens and unpretensioned shrinkage specimens are being used for
control purposes, so that the shrinkage, creep and load effects may be
separated. Comparison is .also being made with computed results based
on the basic procedure developed in project 339.
A few preliminary observations of the behavior of the experi-
mental bridge beam members are as follows:
I
1. In general, specimens stored indoors exhibited larger
shrinkage and creep strains than their outdoors counterpart.
I
I
I
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2. For the highly prestressed I-sections used in this study,
the use of stabilized strands had little effect on the total
concrete strain, particularly in the beginning. As time
progresses, specimens containing stabilized strands tended
to exhibit higher concrete strains, indicating higher con-
crete stresses or lower prestress losses.
3. The observed concrete strains of the indoor specimens agreed
\
quite well with computed results based on the basic procedure
developed in project 339.
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TORSIONAL PROPERTIES OF CONCRETE I-BEAMS
by
Clifford C. Eby
John M. Kulicki
Celal N. Kostem
1. Introduction
This study was conducted to evaluate the elastic St. Venant
torsional constant, ~, and shear stress coefficients for I-shaped
cross-sections used as prestressed concrete bridge beams. The AASHO
Type I through VI sections and the nineteen sections currently or pre-
viously used by the Pennsylvania Department of Transportation were
investigated 2 ,3,7. The Type V and VI sections had to be idealized to
fit the shape for which the computer program was written. These con-
stants were evaluated for use in ongoing research into the lateral dis-
tribution of vehicular load on beam-slab bridges with prestress~d con-
crete I-beams. ~ appears as a term in the stiffness matrix for beam
elements in the finite element analysis being used to perform that study.
The new values computed in this study show that the old ap-
. proximate methods were sometimes significantly over or underestimating
~. However, the relative flexural-torsional stiffnesses are such that
the old conclusions about the effect of torsional stiffness remain the
same. Thus the torsional action is still small compared to the flex-
ural action in this type of bridge. Furthermore a conservative distri-
bution of load to interior stringers results if ~ is underestimated or
10-1
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I assumed to be zero. Conversely, the development of new analysis techni-
2. Methods of Solution
placement ofa differential equation with a set of linear simultaneous
ques such as the finite element method and the evaluation of accurate
(2)
(1)
. Application of a finite difference technique invoives the re-
The corresponding difference equation, written for a typical
2.1 The Finite Difference Approach
~ is a torsional stress function and x and yare coordinate directions.
The positions of ¢., ~ , ¢n, ¢ and ¢b are shown in Fig. 1. Each of the
~ rNa .
interior point.of a rectangular mesh is:
equations. In this analysis the differential equation is 8 :
values of KT make it possible to take advantage of the elastic torsional
stiffness of the beams in developing lateral load distribution formulas.
sections under study is symmetric about.the minor bending axis. Use of
I
I
I
I
I
I
I
I
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I
I
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I symmetry and conditions of uneven mesh intervals near the free edges meanthat several specialized forms of Eq. 2 will also be necessary4.
I
I
I
Writing the appropriate finite difference equations at each
point in the mesh leads to a set of:simultaneous equations.
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One hundred twenty to one hundred eighty~five simultaneous equations were
used in these analyses depending on the section being studied. Once the
individual values of the stress function were found numerical integration
was used to evaluate ~.
L = 2ff¢ d d (3)
-T x y
The results of this analysis are shown in Table I. The shear
stress coefficients Bb , Bt and Bw apply to the midpoint of the free
edges of the bottom and top flanges and the approximate mid web free
edge respectively. The shear stress is equal to the appropriate stress
coefficient multiplied by the unit angle of twist, "¢', and the shear
modulus. For example:
(4)
convert the I-shape into an assemblage of rectangles. The thickness of
used. The three rectangle idealization shown in Fig. 2 was developed toI
I
2.2 Approximate Solutions
II The approximate methods investigated were based on building up
simpler sections to form the desired shape. Rectangles were commonly
the rectangles replacing the top "and bottom flanges were respectively:
I
I
I
I
d (b + b )
t d + 2 1 3
1 1 2b
1
(5)
d (b + b )
t = d + 4 " 2 3
2 5 2b
2
I 10-3
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I The first approximation used was Foppl's equation,6:
I (6)
I
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This method requires a rectangular idealization, does not include an end
slope correction or a junction correction. The end slope correction com-
pensates for the fact that the stress function attenuates near the free
edge. The junction correction adds additional stiffness where the rec-
tangles join.
An approximate end slope correction could be applied as shown
I
I
below. ~ · t r biti ' [ 1.0 - 0.63 :~ + 0.052 [:~]2 ] (7)
I
I
This formula also requires a rectangular idealization and does not include
the junction correction l •
St. Venant's approximate formula, given below, was also used 6 :
corners. Two discretizations involving both the three rectangle ideali-
correction and may be used for almost any shape which has no reentrant
Ai is a component area and I . is the corresponding· polar moment of iner-
p~ '
tia. This equation has an approximate end slope correction, no junction
I
I
I
I
= L 40
A~
~
I .
p~
(8)
I
I
I
I
zation and a subdivision'of the original shape into three units without
reentrant corners were analyzed using Eq. 8.
I
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The equations of E1-Darwish and Johnsto~5 for a doubly symmet-
ric I-shape were modified to approximate singly symmetric sections as:
I
I
I
I
Where: D W
2
== t +--
1 1 4t
1
D W
2
== t +--
2 2 4t
2
a ,a are functions of W, t and t
1 2 1 2
(9)
I
I
I
I
I
I
I
I
I
I
I
I
D ,D are diameters of largest inscribed circles in junction
1 2
of flanges and web
W = Thickness of web
t ,t are from Eq. 5
1 2
The final approximation was to equate the St. Venant torsional
constant to the polar moment of inertia. This would be correct only for
a circle.
3. Presentation of Results
Table 1 shows the most important results obtained; a table of
torsional constants'and shear stress coefficients for the twenty-five
sections.
Figure 3 shows a comparison of the approximate methods and the
finite difference results by plotting "percent of finite difference
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result" versus "beam number". The AASHO Type I is beam No.1, the type
IV is beam No.4, the 18/30 is beam No. 5 and so on. Only 23 of the 25
beams are plotted in Fig. 3 because of idealizations made to fit the
AASHO Types V and VI cross-sections to the shape shown in Fig. 2-A.
Figure 3-A shows that Eq. 6 can either over or underpredict KT.
Figure 3-B is actually plotted for Eq. 7 but is also representative of
results obtained using Eq. 8 with both discretizations. All three of
these methods underestimate ~. Sometimes the error is quite large.
Using the polar moment of inertia as KT produced very large overestima-
tions as shown in Fig. 3-C. The errors reached 1000%. Figure 3-D shows
excellent agreement between the finite difference results and those ob-
tained using Eq. 9 for all 23 beams shown. All of the 'results are
within ±5% error. This equation seems to yield a satisfactory approxima-
tion for I-beams like those investigated.
4. Conclusions
The elastic St. Venant torsional constants for the AASHO
Types I to VI and all of the PennDOT sections have been presented.
Tables of shear stress coefficients have also been presented. These
results were computed by 'finite difference operations which, though very
accurate, must remain computer oriented.
Six approximate methods of computing the St. Venant torsional
constant were evaluated. The modified method of El-Darwish and Johnston
appears to yield a satisfactory design approximation for similar shapes
which were not included.
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